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SYSTEMS AND METHODS FOR
THE PRODUCTION OF HYDROGEN AND CARBON

CROSS-REFERENCE TO RELATED PATENTS

{6001} This application claims prionty to U.S. Provisional Application No. 03/235,025,
filed August 19, 2021 and titled Systems and Methods for the Production of Hydrogen and/or
Carbon; and U.S. Provisional Application No. 637242273 filed September 9, 2021 and titled
Systems and Methods for the Production of Hydrogen from Liquids, Oils, Semi-Solid

Hydrocarbons, the disclosures of each of which is hereby incorporated by reference in entirety.
TECHNICAL FIELD

{6002) Disclosed are embodiments related to systems and methods for the production of
hydrogen and/or carbon black, including through utilization of plasma-induced decomposition of
hydrocarbon feedstocks. The embodiments disclosed herein relate to hydrogen production systems
and methods, utilizing all kinds of liquid, oil, and semi-solid hydrocarbons for primary teedstock,

and gaseous hydrocarbons for plasma-based high heat decomposition.
BACKGROUND

{6003} Various devices and processes have been utilized over the years to break
hydrocarbons down tnto their constituent elements, namely, hydrogen and carbon. The uses for
these byproducts vary widely. For example, hydrogen has an array of uses in various sectors
including, but not limited to, the industrial and transportation sectors. As hydrocarbons are broken
down into their constituent elements, the result may include syngas, which contains hydrogen. In
some embodiments, the syngas 1s further processed to separate the hydrogen.

{8004} The carbon byproduct has a number of uses as well, including when the carbon
byproduct is processed as carbon black, which is a form of para-crystalline carbon that has a high
surface-area-to-volurue ratio. Carbon black can be used for a number of applications including
tires, hoses, belts, pipes, inks, batteries, plastics, and other products where black color is required.
{0005] Traditional prior art devices and processes utilized to decornpose hydrocarbons into
hydrogen and carbon include stream methane reforming (SMR) and polymer electrolyte membrane
(PEM; cells. SMR is a method for producing syngas (hyvdrogen and carbon monoxide) by the

reaction of hydrocarbons with water (as steam), and emits significant amounts of carbon dioxide
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(CO»), e.g., about 3-10 kg CO» per kg of produced hydrogen. PEM cells can also be used to
decompose hydrocarbons from methanol and similarly emit significant amounts of C0O;, e.¢., about
1-3 kg CO: per kg of produced hydrogen. Further, traditional prior art devices and processes are
fimited to about 70% of the hydrocarbon gas input being disassociated, that is, traditional prior art
devices and processes were at most 70% efficient in creating hydrogen and carbon from
hydrocarbon gas input.
0006] Such processes are very polluting and include the release of many metric tons of
greenhouse gases each year. The processes are also not efficient in that each require a significant
amount of energy to produce a kilogram (kg} of hydrogen.
{6007] Light and heavy residual refinery oils, semi~-solids, and natural gas, have long been
a resource for the production of hydrogen and carbon, such as through the process of dissociating
the hydrocarbon molecules into carbou and hydrogen in the presence of water for hydrogen, and
from partial gasification with water quenching for carbon black. When processing these
hydrocarbon-containing materials {such as refinery oils, semi-solids, and natural gas), the
hydrocarbon-containing materials have typically been used as an energy source for the production
of hydrogen and carbon.

SUMMARY
{60038] Because of the high temperatures involved in the processes for producing hydrogen
and carbon from hydrocarbon-containing materials, the high flow rates used for both energy and
feedstock, and the difficulties involved with trying to control the properties of products resulting
from such complex processes, methods and apparatus for producing such products in more
efficient and effective ways, requiring less energy, and improving the properties of the products
produced are needed. Further, methods and apparatus for producing such products without the
significant amount of CO» emission, or other poliution, are needed. Further, methods tor the
production of hydrogen and carbon from oils, hubricants, waste oils, and semi-solids is unique to
the industry and veeded so that these wastes are vot sold and buroned for heat emitting vast
quantities of CO2. It is noted that about 80% of recycled oils are not recycled, but simply filtered
and burned. The embodiments shown and described herein represent an advancement over the
prior art through utilization of plasma and other system elements to produce hvdrogen and high-

grade carbon black from vanous feedstocks in an energy-efficient and environmentally friendly
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manuer, utilizing plasma energies directly into these feedstocks. Embodiments are able to produce
hydrogen and/or carbon with significantly less CO: emission, or other pollution, than prior
methods, and in emboduments may do so without any CO; emission, or other pollution, generated
from processing of the hydrocarbon-containing gas as a plasma source without oxygen and
transmitting directly that high energy as heat into liquids and semi-solids. Embodiments are able
to disassociate substantially more than 70% of the hydrocarbons, both gas and liguid (where prior
art devices do not accomplish this in liguids), and in embodiments achieve a disassociation rate of
more than 98%, up to substantially 100% (e.g., 99.99%:.

{6009] Embodiments herein describe processes and apparatus for generating hydrogen and
carbon {e.g., carbon powder) by disassociating methane and other hydrocarbons through the
utilization of a system that utilizes, among other things, a plasma discharge and reaction chamber.
In embodiments, a hydrocarbon gas is introduced into the reaction chamber in an angular manner
such that the hydrocarbon gas rotates within the chamber and comes into rotational contact with a
plasma that has been created within the chamber. In some embodiments, the plasma also rotates
within the chamber at high rotational speed and in a different (e.g., opposite) direction compared
to the rotation of the hydrocarbon gas, as regulated by electrical current controlied magnets.
[6010] In some embodiments, the plasma and hydrocarbon gas are caused to rotate in
opposing directions. The relative angular rotation of the gas and plasma results in the increased
occurrence of the plasma coming into contact with the gas and dissociating the hydrocarbon into
its elemental components of hydrogen and carbon, and processes are provided for separating and
refining the resulting products, such as quenching to produce carbon black. Different plasma
technologies may also be used, including, for example, a DC plasma, or a combination of DC and
RF plasma.

{001 1] Embodiments can be realized as a small modular unit. Accordingly, these small
modular units may be placed on mobile transportation (e.g., ships} to process while they are
moving or process at the point of unloading, baving the advantages described herein. A couversion
ship (containing hydrocarbon disassociation systems as described herein), being at sea, will not
need to expend the energy to produce the additional cooling water / fluid required for the process
of conversion, and may simply pump in and drain out all the cooling fluid that is needed. Thisis a

large energy savings and a large reduction in emissions released.
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{8012} Advantages include the following. Hydrogen, being so light, is expensive to
transport, even it liquid. Countries that want to advance their hydrogen economies past the
emissions of using hydrocarbon fuels and don’t have the resources to produce this clean burning
fuel at an economic level that is affordable, and practical, will have the option of still purchasing
fiquid natural gas ("ENG”), an existing resource and transportation infrastructure, and convert the
LN{ to H; after the expense of the most efficient transportation is done, and at the point where
large volume storage is most advantageous.

{601 3] Since the carbon produced by the fuel conversion needs to be removed and this
carbon is completely inert, it could be collected and also sold if the receiving client wishes to
process it further on-shore, or it could be dumped overboard. There will be future discoveries and
uses of this material making it desirable to recover.

[8014] By producing the power onboard a ship 1n some embodiments for the conversion
process, different regulations apply to electrical generation on a ship at sea, versus land-based
electrical generation. The method proposed would use the re-gasified LNG as natural gas in gen-
sets on the conversion ship, 3 much cleaner option than diesel or bunker fuels.

1001 5] Further advantages of embodiments are operating and feedstock-costs, which are
improved by using plasma to cause disassociation in the manner described herein. Embodiments
are also efficient, so that they can get the most out of every kilowatt used to process the feedstock
to product conversion. Embodiments enhance the productivity and efficiency of the dissociation
process beyond known methods.

{8016} According to a first aspect, a method for producing hydrogen and carbon from
hydrocarbons in a reaction chamber is provided. The method includes introducing a hydrocarbon
into a chamber such that the hydrocarbon rotates 1n a first direction. The method includes
generating a direct current (BC-based plasma from a portion of the hydrocarbon, wherein the
hydrocarbon s heated to a temperature greater than 1,000°C at least in part by the DC-based
plasma. The method includes rotating the DC-based plasma in a second direction that 1 different
from the first direction. The method includes converting the hydrocarbon into elemental
counstituents of the hydrocarbon comprising carbou solid and hydrogen gas. The method wchudes

separating the carbon solid from the hydrogen gas to provide a solid part and a gas part.
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{8017} According to a second aspect, an apparatus for producing hydrogen and carbon
solid from gaseous hydrocarbons is provided. The apparatus includes a processing chamber having
a gas nput, a gas outlet, and a solid outlet. The apparatus inchudes a direct current (BC) plasma
generator configured to generate a plasma within a plasma processing zone of the processing
chamber, wherein the DC plasma generator includes a cathode and anode within the processing
chamber and wherein the DC plasma generator is configured so that the plasma heats up gas
passing through the plasma processing zone to a temperature greater than 1000°C causing
hydrocarbons in the gas to disassociate. The apparatus includes a magnet external to the processing
chamber configured to cause plasma generated by the DC plasma generator to rotate. The
apparatus includes a cooling system within a separating zoune of the processing chamber, wherein
the gas input is configured to cause gas that passes through the gas input {o rotate.

[8018] According to a third aspect, an apparatus for producing hydrogen and carbon solid
from gaseous hydrocarbons is provided. The apparatus includes a processing chamber having a
gas input, a gas outlet, and a solid outlet. The apparatus includes a plasma generator configured to
generate a plasma within a plasma-processing zone of the processing chamber and wherein the DC
plasma generator is configured so that the plasma heats up gas passing through the plasma
processing zone to a temperature greater than 1,400° causing hydrocarbons in the gas to
disassociate. The apparatus includes a magnet external to the processing chamber configured to
cause plasma generated by the DC plasma generator to rotate. The apparatus includes a cooling
system within a separating zone of the processing chamber; wherein the cooling system is capable
of reducing a gas temperature to about 300°C {or 1,000°C) or less 8o as to stop carbon black
particle, aggregate, and agglomerate formation,

{6019} According to a fourth aspect, a method for producing hydrogen and carbon solid
from liquid hydrocarbons ts provided. The method includes tntroducing liquid hydrocartbons to a
processing vessel. The method includes introducing a plasma-forming gas. The method includes
forming or maiwntaining a DC plasma discharge between a cathode and an anode based at least in
part on the plasma-forming gas, wherein the anode is rotatable and is at least partially submerged
in the iquid hydrocarbons. The method includes rotating the anode to form a liguid film covering
the anode, so that hydrocarbons in the liquid film are heated by the DC plasma discharge to a

terperature in the range between 1500 degrees K and 6000 degrees K thereby converting at least
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part of the hydrocarbons in the hquid film into elemental coovstituents. The method wncludes
cooling the constituents to form a gas and solid product mixture comprising hydrogen gas and
carbon solid. The method mcludes extracting the hydrogen gas and carbon solid product muxture.
{6020] According to a fifth aspect, a system for producing hydrogen and carbon solid from
hiquid hydrocarbons 1s provided. The system includes a processing vessel having a first region for
containing gas and a second region for containing liquid hydrocarbons. The system includes a
cathode and an anode for forming or maintaining a DC plasma discharge between the cathode and
the anode, wherein the anode is rotatable. The system tncludes a gas output in the first region. The
system includes a carbon cutput in the second region. The system includes a liquid input in the
second region for introducing liquid hydrocarbous to the processing vessel. The system includes a
power source coupled to the anode and the cathode.

{8021} According to a sixth aspect, a system for producing hydrogen and carbon solid from
Higuid hydrocarbons. The system includes an array of processing vessels, each processing vessel
having a first region for containing gas and a second region for containing liquid hydrocarbons.
The system includes each processing vessel having a cathode and an anode for forming or
maintaining a DC plasma discharge between the cathode and the anode, wherein the anode is
rotatable. Each processing vessel has a gas output in the first region, a carbon output in the second
region, a liquid input in the second region for introducing liquid hydrocarbons to the processing
vessel, and a power source coupled to the anode and the cathode.

18022} According to a seventh aspect, a method for preducing hydrogen and carbon solid
from liquid hydrocarbons is provided. The method includes introducing liquid hydrocarbons to a
processing vessel. The method includes introducing a plasma-forming gas. The method includes
forming or maintaining a plasma between a cathode and an anode based at least in part on the
plasma-forming gas. The method tncludes directing a plasma jet formed from the plasma into the
liquid hydrocarbons, so that hydrocarbons in the vicinity of the plasma jet are heated by the plasma
jet to a temperature in the range between 1500 degrees K and 6000 degrees K thereby converting
at least part of the hydrocarbons in the vicinity of the plasma jet into elemental constituents. The
method 1ncludes cooling the constituents to form a gas and solid product mixture comprising

hydrogen gas and carbon solid. The method includes exiracting the gas and solid product mixture.
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{0023} According to an eighth aspect, a system for producing hydrogen and carbon sohd
from liguid hydrocarbons is provided. The system includes a processing vessel having a first
region for containing gas and a second region for containing liquid hydrocarbons. The system
includes a plasma forming reactor having a cathode and an anode for forming or maintaining a
plasma between the cathode and the anode and further having a nozzle for directing a plasma jet
formed from the plasma into the second region. The system includes a gas output in the first region.
The system includes a carbon output in the second region. The system includes a hiquid input in
the second region for introducing fiquid hydrocarbons to the processing vessel. The system
includes a power source coupled to the anode and the cathode.

{6024} According to a runth aspect, a system for producing hydrogen and carbon solid from
liquid hydrocarbons is provided. The system includes an array of processing vessels, each
processing vessel having a first region for containing gas and a second region for containing liquid
hydrocarbons. Each processing vessel has a plasma forming reactor having a cathode and an anode
for forming or maintaining a plasma between the cathode and the anode and the plasma forming
reactor further having a nozzle for directing a plasma jet formed from the plasma into the second
region; a gas output in the first region; a carbon output in the second region; a hquid input 1n the
second region for wntroducing liquid hydrocarbous to the processing vessel, and a power source
coupled to the ancde and the cathode.

BRIEF DESCRIPTION OF THE DRAWINGS
8025] The accompanying drawings, which are incorporated herein and form part of the

specification, illustrate various embodiments.

{6026] Fi(z. 1 iilustrates a hydrocarbon disassociation system, according o an
embodiment,

{8027} FiGcz. 2 idlusirates a hydrocarbon  disassociation system, according to an
embodiment.

{00238] FIG. 3 iHustrates a reactor, according to an embodiment,

{6029} FiG. 4 ilustrates a reactor, according to an embodiment.

{0030} FIGS. SA and 5B illusirate a gas injection system according to an embodiment.
10031} FiG. 6 illustrates a SEM micrograph of clusters of carbon particles at different

temperatures according to an embodiment,
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{6032} FIGS. 7A and 7B illustrate a dynamic cathode positioner according to an
embodiment.
[B033] FIGS. 8A, 8B, and 8C illustrate a nozzle opening for the entry of feedstock gas into

the system chamber according to an embodiment.

{0034} FIGS. 9A, 9B, and 9C illustrate a cathode according to an embodiment.
{0035] FiG. 9D dlustrates a cathode insertion device according to an embodiment.
10036} FIG. 10 illustrates a liquid hydrocarbon disassociation system utilizing a rotating

druny creating liquid film according to an embodiment.

{6037} FiG. 11 dlustrates a liguid hydrocarbon disassociation system utilizing an inserted
cone-in-tluid intimate contact device according to an embodunent.

8038} FiG. 12 ilustrates a multitude of liquid hydrocarbon disassociation systems
uitiizing a rotating drurmn-creating-hiquid film device as a method to cornbine fluid holding vessels,
fluid filtering requirements, cooling requirements, and gaseous filtration and purification

requirements according to an embodiment.

{0039} FiG. 13 illustrates a hydrogen disassociation system according to an embodiment.
10040} FIG. 14 illustrates a processing vessel with top cathode according to an
embodiment,

{6041} FiGG. 15 illustrates the processing vessel with plasma torch or reactor on top

according to an embodiment.
18042} FiG. 16 illustrates a block process flow description of the hydrocarbon
disagsociation system, according to an embodiment.

DETATLED BESCRIPTION
{0043} The following description 1s generally applicable to embodiments of a
hydrocarbon disassociation system disclosed herein, including the hydrocarbon disassociation
system shown 1n the figures of this disclosure. As described below, some embodiments are
applicable to disassociating hydrocarbons in various forms, wncluding gasses, hquids, semi-
liquids, and the like.
{0044] In some embodiments, regardiess of the plasma reactor type used, control software
is emiployed to enhance the use of the plasma reactor, e.g., to improve energy usage, conversion

efficiency, and so on, based on measurable parameters. In these embodiments, critical
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performance roeasurements may be monitored in order to enhance the control of the reactor. Oune
measurement may include an amount of energy used to generate each kilogram of hydrogen, and
in embodiments, a control system attempis to ensure that this value is consistent and as small as
possible. In embodiments, for pyrolysis and thermolysis (high temperature pyrolysis without
oxvgen) processes, the following formulas may be utilized to support process controls to manage
one or more of gas flowrates and pressures, power level between the cathode and anode, and
magnet power for rotational speed, among other process parameters applicable to a given plasma
£eactor.
{6045] in embodiments, a process control measure may modulate one or more process
parameters to sustain the mass and quality of product output. One process control measure may
be kilograms {mass} per hour of hydrogen produced divided by kilograms of methane used. This
percentage will be continuously compared to a threshold value, such as a laboratory documented
ratio of 98%. When the percentage vanes, directly controlied variables such as flow rates {e.g.,
controlied by one or more control valves) and electrical input {(e.g., controlied by power supply
controls} may be adjusted by an algorithm of the control software. The mass of methane used and
i3 purity may be directly measured and compared to the following Formula 1 for consistency. The
mass and purity of the hydrogen produced roay be directly measured and calculated from the flow
rates, temperature, and gas chromatograph measurement. The electrical variables of total energy,
applied voltage consistency, and phasing voltage may be determined by the following formulas 2,
3, and 4. These are the result of controlled equipment variables, and since these have a direct
impact on the methane conversion to hydrogen, their etfect on the methane may be modulated to
keep a consistent ocutput volume and quality of hydrogen.
{6046] Formula 1: Mass Flows

11 ot = N sonias + Out Gas + By-pass Gas / Hydrocarbon vaper

In = Current hydrocarbon mass flow rate as m” per hr. direct measurement

Out saigs = Carbon black collected/exiting separation and cyclone mass

Out pas = Calculated syngas mass flow minus monitored value CO» as a process conirol

of (O contamivation of input hydrocarbon / leakage of the system
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By-pass gas / hydrocarbon = volume of flow from the filtering process that does vot

pass through the filter; or adsorbed by the sorbent; the unwanted part of purification.

{0047] Formula 2: Energy Used for BC/RF
Total Heating Energy = DC wattage + RF wattage (if used) - ORC generated wattage

(ORC = Organic Raskin Cycle cooling apparatus)

{00438] Formula 3: Voltage consistency
Delta voltage between cathode / anode = Direct measurement — Pre-8et parameter
Pre-Set parameter 18 expetimentally determined and 1nput as a reference variable;
experimentally determination; done previcusly against product characteristics desired;
H> percent conversion, carbon black desired product value.
The magnitude of the delta may be used by the controlling software program to adjust
the cathode’s position in embodiments using a position-able cathode that keeps the
distance from cathode 10 anode consistent and the cathode position will be adjusted to
keep this delta at a minimum;
The voltage at the cathode can be adjusied as a secondary method after the positioning
software. A change in this voltage may/or may not be limited to a percent of range or
statistical portion of the delta voltage as a first and minor adjustment, followed by the

positioning change.

{0049] Formula 4: Anode voltage / phasing as a method to rotate the DU discharge
around the internal diameter of the anode te create the high intensity plasma volume that

enables the dissociation.

Real-Anode voltage change (from the experimentally established median) =
In gas flow rate change (a real-time measured parameter} (corrected for Gas Law of
temperature to volume) *

Pre-Set feedstock to product conversion percentage experimentally determined *
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Anode operating voltage (a real-time measured parameter) (V from 100 to 700 VDC
rate of change per voltage unit

= Real-time adjusted anode voltage change.

[605¢] The goal of the process control software 1s to hold the primary conversion rate of
hydrocarbon to hydrogen at the highest achievable value (e.g., 100%) or to another product quality
characteristic at the lowest, consistent energy value. The measurement of process parameters, like
pressures, flows, voltages, currents, for example, and enhanced by chemical analysis instruments
downstream of the hydrogen and carbon separation process portion which will more directly
determine the percent hydrogen content of the full gas stream, wil be utilized by the above
formulas within the software coding as compared to experimentally determined process parameter
relationships, which are the formulas described above as formulas 1-4.

{6051} The construction and operation of the anode is done in such a way as {0 maximize
the volume the discharge will travel around the reactor / torch plasma gas flow space. Both the
voltage and the "spin rate’ of the discharge will impact operating results, like feedstock to product
hydrogen to carbon black structure results. The control software will be utilized to keep the desired
results constant.

{6052} Some embodiments (such as those described herein with respect to FIGS. 1-9} are
directed to reactors that are designed to disassociate hydrocarbon gas. These embodiments are
generally described below.

10053] In some embodiments, a plasma reactor is provided that includes a reaction
chamber that may be formed by a water-cooled wall coated by ceramiiec. A DC discharge
and/or arc plasma reactor may be part of the plasma reactor, and may include a DC plasma
cathode. An electric arc, or arc discharge, is an electrical breakdown of a gas that produces a
prolonged electrical discharge. Accordingly, for purposes of the present disclosure, the terms
plasma discharge or plasma arc may be used interchangeably. The DC plasma cathode and a
feed gas system may be located on the top of the reactor. A DC plasma cylindrical anode
{electrically insulated from the cathode) ts a part of the reactor and 1s located downstream
from and co-axial with a nozzle. The anode is surrcunded by a magnetic coil, or other

apparatus for carrying electric current and providing a maguoetic field. The magnetic field

11
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created by current passing through the coil causes the plasma to rotate, and the rotation speed
of the plasma depends on the DC current {e.g., based upon drive voltage and total wattage,
with typical values of 1,500 amps to 5,000 amps for a I-raegawatt system operating at 700
volts to 200 voits, respectively ) and magnetic field (typically of 800 gauss (B} to 1,000 gauss
{B)). A large anode area and high-speed rotation substantially increase the volume of the
plasma, the process efficiency, and electrode lifetime.

100584} RF power may also be applied in some embodiments, for exampie, between the
cathode and anode and/or between the anode and feedstock injection plate. The frequency of
the R¥ power may be tuned to an ion cyclotron resonance frequency {e.g., the ion cyclotron
frequency for atomic hydrogen 1s 1.4 MHz for B = 900 Gauss). By tuning the RF power to an
1on cyclotron resenance frequency, the hydrogen tons may be accelerated and/or have their
kinetic energy increased, such that the disassociation is improved. Exemplary operating
parameters are listed below.

{0055} In some embodiments, the target temperature to disassociate hydrocarbon-
containing gas is about 1,500°C, and may be from about 1,000°C-2,000°C. Atthis temperature,
or within this range, the hydrocarbon may be disassociated at a high rate {e.g., more than 98%
of hydrocarboun 1s disassociated), with efficient energy use, for example 5 kWhikg H2 to 25
kWh/ke H2. The disassociation may still be successful at higher temperatures {(e.g., greater
than 2,000°C), but the additional energy to reach those teraperatures 13 effectively “wasted,”
in that the disassociation is not substantially improved relative to the additional energy used.
10056} In some embodiments, in order to reach the targeted temperature, the rotation
speed of the plasma will be about 5,000 rotations per minute (RPM) to 6,000 RPM, and may be
in the wider range tfrom about 1,000 RPM to 6,000 RPM. The rotation of the plasma causes a
more uniform temperature profile of the hydrocarbon containing gas {e.g., a plasma cloud}
allowing the hydrocarbon containing gas to heat up to a desired temperature and disassociate.
That 1s because the rotation of the plasma discharge causes the DC plasma discharge to affect
a greater volume of gas, not just the gas that is close to a stationary discharge but all or
substantially all of the volume of gas within the plasma processing zone.

J0087} In embodiments one or more sensors {e.g., optical spectroscopy, laser

interferometry, stack gas chromatography, a lowmeter} may be used to monitor the process.

12
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For example, in the context of FIG. 1 (described below}, one or more sensors may beused to
measure the amount of hydrocarbon containing gas that leaves the reactor 102 through either
of the hydrogen exit 114 and carbon exit 116 and/or that wmeasures the amount of hydrocarbon
containing gas that passes through the plasma processing zone or is in the quenching zone
and/or separating zone. A sensor may also be used to measure the amount of hydrocarbon
containing gas entering the reactor 102 through input 110, From these measurements, the
amount of hydrocarbon containing gas thatis disassociated may be determined. Hthe amount
istoo low (e.g., iess than 98%), then a control circuit coupled to the anode power supply may
alter the current flow so as to cause the plasma to rotate at a faster rate, or control other
processing parameters such as gas flow rate, gas temperature, RF power, or other parameters
to maximize decomposition efficiency.

{0088} FIG. 1 illustrates a hydrocarbon disassociation system 100, according to an
embodiment.  As shown, hydrocarbon disassociation system 100 includes a reactor 102, a
plasma source 104, an input 110, a magnet 112, a hydrogen exit 114, and a carbon exit 116.
Reactor 102 can be a cylindrical vessel, e g, made of a dielectric material that contains the
plasma and provides one or more regions or zones, such as plasma processing zone 310,
quenching zone 312, and separation zone 314, for the disassociation of the hydrocarbon, the
purification of the resulting hydrogen and carbon products, and provides outlets for collecting
the resulting hydrogen and carbon products. In embodiments, the reactor 102 way be
elongated, and a ratio of diameter to length may be from about 1:5t0 1:10 and may be arranged
and operated in a vertical, horizontal, and/or angular configuration.

{0059 Plasma source 104 may include a direct current (3{) discharge plasma source,
as shown in FIG. 1. The DC discharge plasma source 104 includes a cathode 106 and anode
108, Cathode 106 and anode 108 may take different shapes including cylindrical, conical,
ring shaped, and other geometric configurations. Exemplary materials for cathode 106 and
anode 108 include graphite, lithium cobalt oxide (LCO), bthinom nickel manganese cobalt
oxide (NMC), hithium nickel cobalt oxide doped with alumina (NCA), lithium manganese
oxide (LMO), and lithium tron phosphate (LFP). Other materials are also within the scope of

embodiments disclosed herein.
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{0060 The BC discharge plasma source 104 alsoincludes a power source, such as a BC
power source. A plasma discharge is created when DC power is applied to cathode 106 and
anode 108 in the presence of a hydrocarbon containing gas, and the plasma discharge occurs
between the cathode 106 and anode 108, In some embodiments, the plasma source 104 may
further include a radio frequency (RF) power source that can create an RF-based plasma
between cathode 100 and anode 108. While the DC-based plasma is a single point and rotating
discharge, the RF-based plasma expands to fill the volume of the reactor 102 within the
plasma processing zone.

{0061} Reactor 102 includes input 110, which may be used to provide hydrocarbon
feedstock gas wto the reactor 102, The input 110 may have a nozzle that causes the
hydrocarbon gas to rotate as it is fed into the reactor 102, such as gas exit 806 (shown in FIG.
8C). As shown, the input 110 {or gas inlet) 1s positioned within the cathode 106 at the top of
the reactor 102. The nozzle may be angled or shaped in such a way to facilitate the rotation of
the hydrocarbon gas as it is fed through input 110 and downstream of the nozzle further into
reactor 102, An embodiment of input 110 is further described with respect to FIGK. 8A, &8,
and 8C. The magnet 112 may be a permanent magnet, or a coil or coils wrapped around
reactor 102 that can induce a magnetic field wheun electric current 15 applied through the coil
or coils, which could be thermally cocled. The magnet 112 is provided to help control and
otherwise regulate speed of direction of the rotation of the plasma.

100621 Hydrogen exit 114 is provided to allow the gaseous hydrogen to be collected.
For example, hydrogen exit 114 may include a valve and piping allowing the hydrogen to exit
the hydrocarbon disassoctation system 100, The exiting hydrogen may include some amount
of hydrocarbon gas and/or other impurities, and may be subject to further purification
processes. In some embodiments, remaining hydrocarbon gas may be recycled back to the
reactor 102, for example by being pumped into the gas injection system 302 (shown in FIG.
3).

{0063} Carbon exit 116 18 provided to allow the solid carbon to be collected. For
example, carbon exit 116 may include a rotating airlock and an auger or conveyor allowing
the carbon to exit the hydrocarbon disassociation system 100 in such a way as to eliminate air

intrusion. The auger or conveyor may be cooled {e.g., by tluid such as water).
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{00641 In some embodiments, a set of injectors {e.g., ceramic injectors such as nozzles
or tubes 304, first shown in FIG. 3) may be provided in the quenching zone 312 {e.g., via gas
injection system 302} to allow gas to be injected into the area and lower the carbon temperature
from around 2,000K to about 1,000 K or about 500K. Hydrogen, having the highest thermal
conductivity of all gases and being one of the gasses produced by embodiments disclosed
herein, allows for carbon quenching without using water, which is advantageous over prior
systems. This s described it more detail in connection with FIG. 3-4, SA, and SB.

{0065} Reactor 102 may be cooled, for example, by a water-cooling system 105 that s
coupled to the reactor 102, e g, in emboduments where itis permissible to emit carbon dioxide.
{0066} As shown, the reactor 102 1s orientated vertically, and may be referred to as a
vertical reactor. In embodiments, the positioning of the reactor 102 in this orientation can
improve the efficiency of separation and purnification of the hydrogen and carbon, eg., by
allowing gravity to assist in separating the solid carbon (which is heavier} from the gaseous
hydrogen (which 1s lighter). Other orientations of reactor 102 are also possible {e.g., lateral
{e.g., horizontal} or angular positions}.

{0067} In operation, DC power is supplied to the cathode 106 and anode 108 to create a
plasma. Hydrocarbon- containing gas is introduced into gas input 110 and enters into a processing
zone in reactor 102 at an angle via an opening (such as gas exit 806 shown in FIG. 8C}. In some
embodiments, RF power may also be supplied to the cathode 106 and anode 108 to create a plasma,
e.g., concurrent with the creation of the BC based plasma.

10068} Ideally, the hydrocarbon containing gas is pure, or substantially pure, hydrocarbon;
in practice, there will be impurities that need to be filtered out. Further, there mav be a single
hydrocarbon containing gas, or a mixture of different hydrocarbon containing gasses {e.g.,
methane and natural gas).

{00691 i embodiments, cathode 106 has ports (such as ports 902 shown in FIGS. 9A, 9B,
and 9C) in the side imparting a physical spin rotation of the hydrocarbon-containing gas as
exits the nozzle of gas input 110 and enters into the plasma processing zone. As described below
in connection with FIGS. 9A, 9B, and 9C, the ports 902 may have been angled by an angle o {as
shown in FIG. 9A), e.g., where in some embodiments o may be in the range 10°-30°. This rotation

of the gas imparted by the ports in cathode 106 15 in addition to the rotation irnparted by gas input
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110 in some embodiments. When n the plasma processing zone, a small amount of the
hydrocarbon containing gas {(e.g., about 2%-3%} is changed to plasma (2.2, a high energy plasma},
with the remainder of the gas being heated as it passes through the plasma processing zone. In
this zone the spin of the gas imparts an angular momentum that carries all the gas into the DC
plasma discharge, increasing mixing, and enhancing efficiency. As magnet 112 induces the DC
plasma discharge to spin, the discharge is able to heat a farger volume of gas in the plasma
processing zone. In embodiments, magnet 112 may cause the plasma to rotate at a rate of between
1,000 RPM and 6,000 RPM.

{00703 The gas flow of the hyvdrocarbon containing gas pushes the hydrocarbon containing
gas into the plasma processing zone. Due to the discharge of high energy plasma and the rotation
of the plasma, hydrocarbon containing gas passing through this zone is struck with the high energy
and disassociates, at very high efficiency, breaking the carbon-hydrogen bonds in the hydrocarbon
into singular hydrogen and carbon atoms, i.e., the elemental coustituents of the hydrocarbon. In
this zone, the hydrocarbon-containing gas 1s heated to a temperature in the range between 1,000°C
t0 2,000°C, and in embodiments around {,500°C, causing a majority or a substantial majority of
the hydrocarbon to convert into its elemental constituents.

{0071} For example, in embodiments, over 90% of the hydrocarbon containing gas is
disassociated, in other embodiments, over 95% dissociation is achieved, in other embodiments
over 98% 1s achieved, and 1 other embodiments substantially 100% {e.g., 99.99%) 15 achieved.
Process control parameters, for example, but not limited to, gas flow rate, can modulate this
resulting dissociation efficiency. There will be a nominal flow rate that will achieve 99.99%
disassociation, and will be monitored by the spectral analysis of the ouiput gas for organic
feedstock gas (e.g., methane) being below a threshold amount fe.g., below a detection hmit of
the equipment}. As process gas flow rate is increased above this point (7.e., the nominal flow
rate), the energy from the plasma will not be enough to achieve the approximate 1500°C
dissociation temperature and some un-dissociated hydrocarbon fe.g., methane) will pass through
unchanged, and will be detected by the sensor previously mentioned. An increase of 0% to 3%
of the nominal flowrate will cause a 98% conversion result. An increase of 3% to 5% will cause

a 95% result, and so on (as based upon process simulations and experience of inventors).
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100721 These singular elements pass out of the plasma processing zone into the quenching
zone {312), for example, based on a pressure differential caused by the gas being heated in the
plasma processing zone. After the quenching zone, the singular elements pass to the separation
zone. Here, in the separation zone (314), hydrogen will recombine as it cools down into its natural
state of Hy, and passes out of this zone as a gas. Because the gas is rotating as it enters into reactor
102, and the gas and later the constituent elements will tend to continue rotating downstream, i
the separation zone 314 the disassociated carbon tends to move towards the walls of the reactor
102 (within the separation zone 314) based on the centrifugal effect. The quenching process, which
controls the carbon product, is further described with respect to gas injection system 302, and
fength of quenching zone 312 as the important 'tume of contact’ or quenchivg rate. The carbon will
recombine into its natural state as a solid particle, aggregate, or agglomerate mass, which is heavier
than the hydrogen. These particles will drop to the bottom of the separation zone under the force
of gravity and can be removed to the carbon exit, e.g., by an auger, conveyor, or other mechanical
apparatus.

{0073} As the carbon falls in reactor 102, some carbon particles (or aggregate or
agglomerate mass) will line the walls of the reactor 102, At this point, the solid carbon is very
dry, and the thickness of the carbon on the walls of the reactor 102 will be small, with the
remaining carbon dropping to the bottom of the separation zone. In embodiments, the walls of
reactor 102 may be coated 10 a manner to prevent carbon buildup. To embodiments, the geometry
of the walls and/or the surface material of the walls and/or coating applied to the walls of reactor
102 may also influence the amount of carbon buildup. In other embodiments, the limited carbon
buildup that occurs can help improve thermal insulation of the reactor 102

{0074} FiG. 2 illustrates a hydrocarbon disassociation systemn 200, according to an
embodiment. Some of the components of system 200 are similar to those described with respect
to system 100, and for those components the same reference numerals have been used to indicate
similar components.  System 200 differs from systemy 100 in that a hybnid plasma reactor 1s
provided by way of DC discharge plasma source 104 and a separate R¥ plasma source 202.
System 100 in some embodiments may include an RF-based plasma between the cathode 106 and
anode 108, In system 200, the R¥F-based plasma is generated by the coil 203 around the reactor

102, which 1s a separate plasma source than that used in system 100 RF-based plasma is
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advantageous o some embodiments, for example, because it can be easier to stabilize than DC-
based plasma, can provide for more uniform temperature across the reactor 102, will impart
additional energy increasing molecular collistions from the angular roorsentum already imparted by
the gas injection spin, as previously noted, and can create a higher volume of plasma in the reactor
102. RF-based plasma by ttself can, in some cases, have difficulties with efficiently processing
hydrocarbons, and therefore in embodiments the RF-based plasma ts combined with the BC-based
plasma to improve the system efficiency.

{0075} RF plasma source 202 uses RF energy to create plasma, e.g, an inductively coupled
plasma (ICP). RF plasma source 202 may include cotls 203 which provide the electromagnetic
induction needed to generate the RF-based plasma (e g, ICP). RF plasma source 202 introduces
an RF based plasma into the plasma processing zone in reactor 102, In the plasma processing
zone, the physically rotating hydrocarbon containing gas 1s energized by the R¥F power, which may
be controlled to have certain parameters {e.g., frequency, amplitude, bias) such that the created
plasma has a high amount of energy, so that the hydrocarbon containing gas is heated and expands
to fill the entire plasma processing zone.

10076} In embodiments, atypical trequency of the RF power source may be between 1.76
MHz and 13.56 MHz, and arplitude may be from about 5 kV o about 10 kY. By expanding the
hydrocarbon containing gas to fill the entire plasma processing zone, the volume of processing is
maximized, making the resulting disassociation more efficient. In embodiments using both DC
and R¥ based plasmas, this double energizing (i.e, by both the DC and RF based plasmas) of
the hydrocarbon containing gas leads to even higher conversion efficiency, potentially at lower
DC power. Once dissociation of the hydrocarbon containing gas has occurred, as noted above,
the constituent elements pass into the separation zone. A filter 204 may be coupled to the
hydrogen exit 114 and carbon exit 116, For example, as hydrogen passes through hydrogen exit
114 1t may interact with filter 204 so that any carbon particles passing through may be caught by
filter 204 and optionally allowed to enter into carbon exit 116, Additionally, as carbon passes
through carbon exit 116, an opening in the carbon exit 116 may allow any gas within carbon exit
116 to interact with filter 204 so that any gas passing through catbon exit 116 may be allowed to

enter into hydrogen exit 114, Because the gas 1s still hot as it passes through carbon exit 114, it
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will tend to nse and pass through the opening so that 1t can further pass through filter 204 and
into hydrogen exit 114, Filter 204 may include a ceramic high-temperature filter.

{00771 FIGK. 3 and 4 further itlustrate hydrocarbon disassociation systems. Reactor 102 13
similar to the reactor 102 shown in FIGS. 1 and 2, and in general, the same reference numerals
have been used to indicate the same or similar components. Reactor 102 includes gas injection
system 302. Gas igjection system 302 may include a plurality of nozzles or tubes 304 for allowing
gas to enter into reactor 102 in the quenching zone 312, The nozzles or tubes 304 may be radially
spaced. In embodiments, hydrogen that has passed through hydrogen exit 114 1s re-introduced into
reactor 102 through the tubes 304 for cooling, causing quenching and helping to process the carbon
product into carbon black. In general, the processing performed by reactor 102 can be divided into
zones 310, 312, and 314, Plasma processing occurs in zone 310, ageregation and quenching occurs
in zone 312, and separation occurs in zone 314, where the products may also be further processed,
filtered, and/or removed from reactor 102,

{0078] Advantages of systems disclosed herein 1s that they generally require less energy to
decompose hydrocarbons, almost all energy put into plasma goes into disassociation process, and
therefore the system 18 much more efficient. In some embodiments, systems may achieve an
efficiency of about 24 kWh/Kg, and in some embodiments, the efficiency may be from about
15 kWh/Kg to about 30 kWh/Kg. Prior art systems are significantly less efficient.

{0079} The following applies generally to any hydrocarbon disassociation system
disclosed herein, including hydrocarbon disassociation systems 100 and 200. Cathode 106
may optionally be capable of moving. Through use, the material of cathode 106 deteriorates
and is etched away, thereby growing smaller over time. By controlling the location of cathode
106, for example, to maintain a fixed distance between cathode 106 and anode 108, This can
improve the operation of the system over time, and increase the fime of continuous operation
before cathode 106 must be replaced. A dynamic cathode positioner is further described with
respect to FIGS. 7A and7B. Positioning will be controlled by electrically driven correction,
with magnitude of positioning change continually determined by a monitoring of the cathode

to anode feedback and operating currents.
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{0080} Exemplary hydrocarbon-containing gases used in embodiments disclosed
herein include methane, natural gas, compressed natural gas (CNG), petroleum gas, syn-gas,
bio-diesel, and other types of hydrocarbon including combinations of any of these.

§0081} In embodiments, the hydrogen and carbon from the hydrocarbon-containing gas
are separated by centrifugal effect of the rotating plasia. In particular, the rotation of the
plasma creates a more uniform heating of the space in the reactor 102, causing a higher volume
of the hydrocarbon containing gas to be disassociated than would otherwise be the case due
to angular momentum collisions rates. The different (e.g., opposite} rotation by the
hydrocarbon containing gas, on the one hand, and the plasma, on the other hand, enhances the
angular contact between the plasma and at least a portion of the hydrocarbon-containing gas,
resulting in greater disassociation effects and efficiencies. Each of the hydrocarbon-
countaining gas and the plasma may rotate in one or more of three dimensions, e.g. an x-, y-,
and z-dimension, and the rotation of each may be different in one or more of these dimensions.
The differing rotation of the hydrocarbon containing gas and plasma, as well as their
respective angular momentum, improves the heating of the hydrocarbon-containing gas by
making 1t more uniform. The centrifugal effect moves the heavier carbon particulates toward
the cooled wall, where part of the quenching process occurs. Hydrogen 1s transported to a
heat exchanger (not shown) and cyclone dust separator {(not shown} for cooling and heat
recuperation. Carbon powder 1s collected on the walls and bottom of the water-cooled reactor,
creating a plug of material at the exit port isolating air from the reactor chamber, and
transported to packaging system by water cooled conveyor/auger. A hydrogen purification
unit (e.g., hydrogen purification system 107) based on high selectivity membranes or pressure
swing absorbent for extracting high purity hydrogen from the gas stream generated in the
plasma reactor may be located nearby so that the gas that has exited the hydrogen exit 114 may
be passed through the hydrogen purification unit.

{00821 Different properties of carbon black make ituseful depending on the application
of the carbon black in different industries. For example, physical properties like particle size,
and/or surface activity {as tested by nitrogen entrapmenty and/or iodine adsorption, among
others, can affect the value of the carbon black for industries such as tire manufacturing, rubber

for belts and hoses, plastics, food service, carbon fiber, and other black materials. These
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properties can be controlled during the processing of the hydrocarbon disassociation system,
for example, by manipulating the processing parameters of electrical power, gas speed, gas
mix, time of flight/cooling, and so on. Adjusting the particle size and other properties are
important to supplying desired grades of the preduct, eg., to the industries of tire
manutacturing, plastic compounding, additives to paints and ok, and many other industries.
Accomplishing this in process with the generation of hydrogen, at no additional energy cost,
creates beneficial economics offering a second product to the marketplace that already has a
growing global need.

{0083} A method to alter the time of cooling (i.e., quenching rate} is proposed in
ernbodiments. The method includes providing an adjustable cool gas curtain by using the
generated hydrogen gas, such as by using the gas injection system 302 shown in FIG. 3.
Moments after the disassociated constituent elements pass the plasma reactor anode where the
decomposition occurs, they begin to cool. The constituent elements form a hot jet stream,
including elemental carbon that, through turbulent collision dynamics, aggregate into small
clusters that resemble grapes on a stem. Cooling may also be controlled by adjusting the
distance between the anode and quenching gas ring, known as the time of flight. Thatis, a
longer distance (or longer time of fhight) results in more cooling, a shorter distance {(or shorter
time of flight} results in less cooling.

{0084} FIG. 6 1s a SEM wmicrograph of clusters of carbon particles at different
temperatures. The hotjet stream carries these extremely fine carbon particles, and the longer
the carbon particles remain hot (e.g., more than 1,000°C, and typically in the range from
1,000°C 1o 2,000°C), the larger and more complex they get, as shown in FIG. 6, since the
finest particles start at 2,000°F {or about 1,100°C) and cool by convection and collision until
they are cool enough for the process to stop. Artificially stopping this process, called
quenching, is done by injecting the generated hydrogen gas, which has been cleaned and
cooled, into the appropriate portion of the tail of the hot jet stream. Inyjecting the generated
hydrogen gas dramatically reduces the temperature of the hot jet stream, and therefore can
control the properties of the carbou, e.g, the size of clusters that the carbon particles form into.
It 1s known, for example, that the time range needed for quenching is from about 30

milliseconds to about 90 milliseconds. A quenching position may be calculated, for example,
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based on the gas speed exiting the anode position and placing the gas injection at about 40
milliseconds to about 60 milliseconds downstream from the ancde 108, depending on the
properties desired.

{0085} in embodiments, post-dissociation gas temperature quenching may be used to
halt carbon re-association into a particle, aggregate, or agglomerate. The size of the resulting
carbon product may be determined by the process parameters of the dissociating plasma and
the position within the reactor 102 where raptd cooling takes place. A specific median and
range of carbon particle sizes may be experimentally predetermined and ts adjustable within
the quenching zone by, for example, moving the location of the rapid cooling. In
ernbodiments, quenching may be accomplished, not by water to steam as is conventiounal, but
by pre-cooled inert gas or, preferably pre-cooled hydrogen product gas. This is accomplished
in some embodiments by a pre-determined nozzle apparatus, such as gasinjection system 302,
The nozzles or tubes 304 may be made of high temperature ceramic and may be atmed into
the center of the flow, placed as a ring around the circumference of the internal dimension of
the joining chamber immediately after the plasma jet connection, but also adjustable as to axial
positioning downstream from the plasma processing zone up to 50% of the length of the
separation zone. Said device will be made of a material, like stainless steel with ceramic
nozzles, but notlimited, and may be fluid cooled s0 as to withstand the operating temperatures
of the post-plasma chamber environment. As shown in FiGs SA and 5B, the particle
containing hot jet stream moves downstream from the ancde position and the gas continues
rotating, due to the specific injection through input 110 which creates an angular (spinning})
gas velocity and increases the turbulent contact with the high energy plasma. The spinning
gas passes the cool injected hydrogen injection nozzles 304, and in some emmbodiments may
achieve a quenching rate of approximately 10° K degrees/sec, reducing the temperature
significantly below 1,000°C, so that the aggregate formation stops, and the carbon black
formation has been adjusted to a small size and lugh value grade, such as N300 and lower.
N300 refers to a grade of carbon black, having a particle size of 30 mm — 35 mm. The
quenching rate for this process, K/sec, ts related to the rate of change of temperature in degrees

Kelvin per second and is determined by molecular collision dynamics.
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{0086} The process disclosed herein mway run on a continuous basis with hittle or no
interruption, which minimizes downtime impact from maintenance. Allowing the process o
stabilize and operate at favorable nomuinal process parameters leads to more counsistent product
quality. One of the few maintenance interrupts for the disclosed process is the replacement
of high temperature cathode 106 in reactor 102, Due to the etching effects from the high
current on cathode 106, which may be made of graphite or graphite composites, for example,
and made at desirable dimensions specifically to extend its useful lifetime, cathode 106 will
erode over time and must be replaced. In some embodiments, the cathode ts positioned
relative to the anode to regulate the size and potency of the plasma energy, and in embodiments
this dimensional feature 1s within approximately +/- 10% of a predetermined value. Because
of this erosion that occurs over time, this dimension changes with continued use. In some
embodiments, a significantly longer cathode part than otherwise would be used, e g, two to
ten times the nominal design length, may be used in order to extend operating life. Further, in
some embodiments, there may be a mechanism which slowly insets the extra length of cathode
106 at a predetermined erosion matching rate {e.g., on the order of millimeters per day), such
that the required cathode-to-anode position 1s held relatively constant, e.g., within +/-10%.
This mechanism is an active process control device, which is also known as a dynamic cathode

screwed)

2

positioner. Further, in some embodiments, the cathede rod can be attached (e.g.
onto the existing rod, extending the life without system stoppage.

{00871 FIGS. 7A and 7B illustrate a dynamic cathode positioner 700 according to an
embodiment. The cathode 703 which may be a rod shape and secured in a holder 702 that s
secure enough to support the cathode (e g, made of graphite} without breakage, but is also
designed to interface with an injection screw 701 device injecting the cathode into the reactor
102 and plasma processing zone 310, A speed adjustable tnsertion device 705, coupled to the
holder 702, 1s capable of guiding the cathode, e.g., by a motor, establishing the insertion rate
{e.g., on the order of millivaeters per day), and sealing the cathode from allowing aicleaks iato
the plasma processing zone 310, Power supply 704 is also provided, which may include
timing and control circuitry, with an operational software interfacing screen. Tusertion device
705 may inchlude a long support channel with a bearing loaded screw 701, This screw has a

fine thread running the length of it, and a fine positioning stepper motor 706 is at the base end
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to rotate the screw therefore creating linear motion of the holder 702 up and down. On this
threaded screw and mounted in the channel, in such a way as to move freely from one end of
the channel to the other, 18 a lubricated mount that has a clamping device coupled to the holder
702 to hold the cathode 703 at one end. At the other end, the base, is the mount to bolt this
device to the top of the reactor 102, the rod guide, and seals to keep air out of the reactor 102
and the screw motor 706.

{0088} The software tor the dynamic cathode positioner may operate the cathode
insertion past the air seal into the plasma processing zone 310 to the anode-narrowed diameter
of the reactor 102. For example, the software may be based on process modeling and/or
experimental proof, and in some embodiments may operate at a predetermined rate or may
be adjusted to take into account operating conditions. For example, specific power supply
operating parameter ranges, like voltage consistency, may be used as a backup to the pre-
determined insertion speed rate. The plasma main power may be held at a constant current
and the voltage may be varied to hold the high temperature disassociation process constant,
If the voltage operating range begins to vary too much, then this could be a signal that the
cathode 15 out of nominal position. A software algorithm may be used to change the insertion
rate to adjust for this process change.

{0089} FIGS. 8BA, 8B, and 8C illustrate, respectively, a top view, a cut-away
perspective view, and a side view of a gas input head 800 according to an ermnbodiment. Gas
input head 800 may be used, for example, as the gas input 110 shown in FIGS. 1 and 2, and
may be located at the top or substantially at the top of the reactor 102, As shown, gas input
head 800 has chambers 810 and 820, and may have cooling water manning in the top-level
chamber 810 and gas dispersion in the lower-level chamber 820, The lower-level chamber
82¢ has directional vanes 304 that serve to control the flow of gas in the otherwise hollow
chamber. The vanes 804 may be machined, for example, and not limited to, into the hollow
cavity of chamber 820. In embodiments, the vanes §04 take up less than 530% of the available
volume, and in some embodiments less than 25%.

{0090} The vanes are shaped and placed in such a way as to cause the gas within lower-
fevel chamber 810 to rotate as the gas travels to the exit 800, The exit 806 is a gap between

the chamber 820 and & plate 821 where gas is able to escape from. The edge of this vaned
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chamber 820 has a diameter less than the diameter of the reactor 102, and therefore gas being
pushed from this chamber 820 moves easily into the plasma processing zone of reactor 102 as it
passes through exit 806, Gas is injected iuto the tnput hole 802 {(off center) in the top of the gas
input head 800. The gas fills the central area where the tilted vanes 804 are. It is then squeezed out
between the vanes imparting tangential direction. This direction creates a spin on the gas as it
feaves the gas tnput head BOO and enters the plasma processing zone of reactor 102,

10091} FIGS. 9A, 9B, and 9C tllustrate, respectively, a top view, a partial side view, and a
side view of a cathode 900 according to an embodiment.  Cathode 900 may, for example, be
configured in place of cathode 106 shown in FIGS. 1 and 2. Ports 902 may be located in the side
of cathode 900 irparting a physical spin rotation of the hydrocarboun containing gas as it exits the
nozzle of gas input 110 and enters into the plasma processing zone. Ports 902 are angled such
that, in some embodiments, the angular off-set a shown in FIG. %A, may range from 10°-30°.
This angle represents an angle from alongitudinal axis of port 902 with respect to a line from the
outer edge of cathode 900 to the cathode center. The different ports 902 may have the same angle
in some embodiments, and in other embodiments may have different angles within the range from
10°-30°. The angular off-set a causes ports 902 to impart a physical spin rotation of the
hydrocarbon containing gas as it exits the nozzle of gas input 110 and eunters into the plasma
processing zone.

{0092} FIG. 9D shows a cathode insertion device 900D according to an embodiment. A
cathode 901D to be inserted has, as shown, a machined screw feature {or other end to end mate-
able connecting method), on each end shown as 902D, such that this screw teature allows for
elongating the cathode by screwing a male feature of a new cathode length into a female feature
of the current cathode 1n use, therefore allowing for continuous operation. This cathode 901D is
in a motorized and metered device 905D capable of moving cathode 901D, The motor of this
device may be a digital servo motor, such as one known to the industry, with accurate movement
controlled by an electronic circuit of a digital control board and computer.  As shown wn one
embodiment, cathade 901D is pinched between cog wheels 306D that are part of the motorized
and metered device 905D, and 1o particular, 18 pinched between cog wheels 906D at a sufficient
resistance as to push the cathode 901D down into the reactor 102 {not shown in FIG. 9D} Cog

wheels are mechanisrns that transter controlled motor rotation, for example by (but not imited to})
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digital servo-type motors as part of 905D with gears to the motor on one side and a friction device
gripping the cathode on the other. This gripping method maybe by rubber-like material, or by
grooves i a metal wheel of sufficient depth and material strength a3 to move the cathode but not
damage it. Cathode insertion device 900D may be used to insert appropriately sized cathode used
in the disclosed embodiments, such as cathode 106 shown in FIG. 1. In embodiments, cathode
insertion device 900D may include a water cooled specifically designed seal 907D with specific
material seals 908D that allows the cathode to move into the reactor 102 and not allow air into
reactor 102, The seal, in one embodiment, can be a two part double seal that encircles the entire
diameter of the cathode and is a heat tolerant material of, but not limited to, rubber, synthetic nylon,
Teflon, etc., where this material 1s at each end of an integrated tube in such a way as o create an
airlock along a certain length {e.g., one to six inch length) of the cathode keeping air out of the
reactor. Also, this seal 907D and drive 905D are electrically 1solated from the charge placed on
cathode 901D via a connection within 907D, In addition, since the plasma generation processes
described heretn may erode the cathode 901D over time, there is a need to be able to replace
cathode 901> within reactor 102, As shown, an additional cathode 903D with a matching screw
thread 904D to that of 902D can be attached to the threaded end 902D of cathode 901D, That s,
the screw thread ends 904D and 902D mate together. This allows for continuous and uruform
system operation.

{00931 A reactor system could include a single reactor or a plurality of parallel reactors, of
the same or different types. In other words, the hydrocarbon disassociation systems disclosed
herein are modular.

{6094} Some embodiments {such as those described herein with respect to FIGS. 10-16}
are directed to reactors that are designed to disassociate hydrocarbon hiquids, semi-liquids, otls,
and the like. These embodiments are generally described below.

[8095] Embodiments also describe the method and control systems for maintaining the
proper and adjustable lguid surface level of the feedstock Hguid housed, temperature controlled,
and maintained in the vessel. The removal of carbon rich fluid from this vessel during continuous
operation will require a return of the filtered flind to the vessel for continued processing,

monitoring the opacity of the fluid for control of the filtering guality, and for replenishing the
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proper fluid level with vew feedstock, as a consistent volume will be converted and the original
volume of the fluid depleted.

[6096] Embodiments herein describe processes and apparatus for generating hydrogen and
carbon (e.g., carbon black) by disassociating methane and other gaseous hydrocarbons through the
utilization of the plasma generating system that utilizes, among other things, a DC plasma
discharge reactor and/or DC Plasma discharge with RF ICP Plasma reaction chamber on all {or
part} of the gaseous hydrocarbon gas, and by the transfer of heat from the plasma stream exiting
the plasma torch / zone tnto the remainder of the gaseous hydrocarbon gas, and imparting that high
energy into the liquid contained in the vessel creating gaseous hydrogen and solid carbon. These
two products are immediately separated since the carbon rematos in the Haguid; and the gas, being
hot, rises to the gas vent. In embodiments, a hydrocarbon gas s introduced into the reactor or torch
chamber in an angular manner such that the bydrocarbon gas rotates within the chamber and comes
into rotational contact with a plasma that has been created within the chamber. In some
embodiments, the DC plasma also rotates within the chamber at high rotational speed and in a
by plasma-controlied magnets, the voltage and sequencing control software, and an integrated
portion of the anode part of the cathode/anode pair making up the plasma reactor.

{6097} in some embodiments, the plasma and hydrocarbon gas are caused to rotate in
opposing ditections. The relative angular rotation of the gas and plasma resulis in the increased
occurrence of the plasma coming into contact with the gas and dissociating the hydrocarbon into
its elemental components of hydrogen and carbon, and processes are provided for separating and
refining the resulting products, such as guenching into the vessel liquid to produce carbon black.
As the dissociated gas has an angular momentum due to the imparted spinning at the injection cap
of the plasma zone and imparted by the opposing magnetically controlied BC discharge rotation,
the carbon containing gas is spun outward from centripetal force to the liquid, which are alsc
cooled by chilled water in the vessel walls, and this stops / quenches the combining process of
carbon with carbon at the nano and micro-size scale, therefore establishing the aggregate structure
of the carbon black {the result of elemental carbon combining with elemental carbon). This then
forms the properties of the carbon black, collected in the fluid, filtered from the fluid, reduced of

fluid to a dry quality, and later sorted by ditferent processing methods and equipment.
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{0098] Dufferent plasma technologies may also be used, including, for example, a BC
plasma, or a combination of DC and RF plasma along with controllable processing parameters, for
example but not hmited to, plasma gas flow rate and veloaity (as imparted by the controliable
pressure of this raw gas), post-plasma zone raw gas flow rate, cathode and anode voltages, the
rotation speed of the DC discharge plasma, and others. The controllable processing parameters
may be used, for example to expand the plasma heating volume which the feedstock gas will be
flowing through and being decomposed.

{6099] In some embodiments, the liquid conversion method may encompass the filtration
of the liquid, the drying of the filtered carbon black, the plasma torch or reactor and heat generating
method, the attachment of this heat geverating roethod to the ligquid vessel, the wethod and
equipment of the hydrogen product gas venting, cooling, collection, filtering, de-vapor/fluidizing,
purification of the product hydrogen, the control systems for the plasma energy and the fluid
replacement control and processing all filtered, de-oiled, and semi-dried carbon solids by a
pyrolyvtic kiln.

{0166} In some embodiments, pre-treatment of the feedstock fluid prior to loading to the
vessel may be applied, and the post-generation treatment of the gaseous hydrogen product, and the
post-treatment of the generated solids {e.g, carbon black) may be applied. The pre-treatment of
the feedstock fluid may include mixing bulk deliveries to create a more uniform fluid composition
placed in the vessel, chemical analysis to allow for adiustment of processing parameters as an
effort to maximize product quality and characteristics driven by the business, solids removal and/or
filtering, de-gassing, and de-watering.

{0101} Embodiments tnclude the post-treatment methods for the gaseous hydrogen product
that has exited the processing vessel through the upper sealed vent, passing into a process vapor
mist condensation device, into a compressor for hydrogen up to, but not limited by, 30 bar in
pressure, then across a membrane hydrogen purification device resulting in an approximate 99.9%
hydrogen purity. By-pass gas from this purification step will geverally be high in hydrocarbon
content, so will therefore be cycled back to the plasma generator.

{8102} In some embodiments, the high teroperature plasma gas steam emits from the
chamber at high temperature {2,000 °C 10 6,000 °C} and this plasma is created perpendicularly

into a vessel containing a second hydrocarbon feedstock. This high teraperature plasma gas steam

28



WO 2023/023636 PCT/US2022/075194

i intimately countacting the hiquad feedstock, imparting beat energy, and causing the feedstock to
decompose into hydrogen and carbon. A consistent carbon black composition and surface qualities
may be obtained, for example, by quenching the carbon aggregate formation o a controlied
manner, e.g., in less than one second. The method includes the generation of hydrogen from this
interaction as a bubbling of newly created molecular hydrogen (H») which separates from the
fiquid, since it is a gas. The method includes separating the carbon (solid) from the hvdrogen (gas)
as the carbon remains and collects in the liquid, providing a solid-in-liquid part and a gas part. The
gas part rises above the liquid and s collected into a vent pipeline where it 1s cooled and further
filtered of droplets, fumes, particulates, etc., and is cooled for purification. The carbon-containing
fiquid may be filtered of the carbon, which 1s further processed nto a dry solid, and the excess
fiquid is returned for processing in the vessel.

[0103] fn some embodiments, the method includes quenchiong the carbou {solid), wherein
the carbon (solid) comprises carbon black, and the carbon black formation 1s stopped by the
temperature of the liquid around the portion that is struck by the DC discharge In some
embodiments, the hydrocarbon gas used for plasma streany generation is contained in a gas that is
substantially devoid of oxvgen, mitrogen, and suifurs. In some embodiments, the amount of
oxygen, nitrogen, and sulturs in the gas 1s less than one molar percent. In some embodiments, the
liguid feedstock has been prepared to reduce the presence of water. In some embodiments,
separating the carbon (solid) from the hiquid feedstock hydrocarbon comprises removal, by flud
pumping, a portion of the liquid to a solid-liguid separation device which may include, but is not
himited to, a filter press, a centrifugal device, and caking device, an auger press, or other device
that is designed to remove all or a portion of the carbon. In an embodument, the carbon ‘cake’ is
removed via a fluld cooled auger in such a way as to restrict the reintroduction of air into the
carbon cake (solid).

18104} in some embodiments, the carbon cake is further processed in a no oxygen pyrolysis
rotary device where the moist/liquad oils remainiog with the carbon are volatized 1uto a syn-gas of
high caloric value. In this embodiment this syn-gas could be burnt as the source of heat for this
rotary device. In another embodiment, this syn-gas is returoed to the plasma generating chamber
where it 1s utilized for generating the heated plasma steam. In this embodiment the now dried and

de-oiled carbon is collected, cooled, and classified into a carbon black salable product.
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{8105} In some embodiments, the hiquid feedstock hydrocarbon is heated to a temperature
between 1,400°C -~ 2,000°C by the gaseous hydrocarbon plasma stream.

{0106} FIG. 10 shows a hydrocarbon disassociation systern 1000 according to an
embodiment. As shown in FIG. 10, the system 1000 has a liquid reactor 1002 including a vessel
1004, where in some embodiments, the entire vessel 1004 encompasses all or most of the
components of the reactor 1002, Liquid hydrocarbon feedstock 1006 1o be processed is held in the
vessel 1004, e.g., at constant level at or near the top {apex) of the anode rotating element 1008, In
an embodiment, a cathode 1010 is located over an anode 1008 at an appropriate distance so as to
facilitate the creation of a DC discharge plasma 1012 from cathode 1010 to ancde 1008 In
embodiments, rotating anode 1008 may be o the form of a drum, and the rotating anode 1008 may
pull a thickness of liguid 1006 up onto its surface and into the path of the discharge plasma 1012
The thickness of liquid 1006 ou the surface of rotating anode 1008 may forro a fluid layer 1014,
which will depend on the viscosity and surface tension characteristics of the liquud as it relates to
the surface of the rotating anode 1008, In embodiments, the fluid layer 1014 may be from about
0.1 mm to about 6mm in thickness.

10167} Decorposition of the fluid 1006 occurs during this process; hydrogen gas is
emitted 1oto the space 1016 above the fluid 1006 and rises from the liquid region and leaves the
vessel 1004, e g, as syn-gas through a syngas cutput 1018, Fluid ladened with carbon is removed
from the bottom of the vessel, which may have a funnel botiom so as to facilitate gathering the
carbon {(such as shown in FIGS. 14 and 15). The removed fluid is then filtered, decanted,
centrifuged, and/or subjected to other methods for the removal of carbon solids from the hiquad,
such as through carbon/liguid separator 1020. The excess hydrocarbon fluid is returned to the
vessel 1004 through, for example, a pump 1026 that pumps the liguid from the carbon/liquid
separator 1020 into liquid return inlet 1022, The hquid returned through the return inlet 1022
includes the filtered higuid hydrocarbon recycled back from the carbon/liquid separator {filter)
device 1020,

{0108} The cathode 1010 is one side of the high voltage/high current supply that creates
the discharge plasma discharge 1012, where decomposition occurs. The syngas output 1018
facilitates the exit for gases that are created in the reactor 1002, including hydrogen gas in space

1016. The anode 1008 1s on the other side of the high voltage/high current supply for the discharge
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plasma 1012, and can be a configured as a rotating drum. This drum can be immersed 1o a hquad
hydrocarbon 1000 where the liquid, due to surface friction and viscosity is drawn up on the drum
in a layer 1014, as previously described. During processing and operation of the reactor 1002,
carbon solids 1028 are formed and captured by the liquid 1006. The pump 1026 removes liquid
from the reactor 1002, eg, at a constant rate (predetermined by decomposition rate
experimentally) during which process the liquid is passed through a separator or filter 1020, The
separated carbon exits the separator/filter in a concentrated form and may be sent for further
processing. The pump 1020 may then return the filtered liquid via the hquid returm 1022 back to
the reactor 1002 for reprocessing. Fresh fluid alsc enters the vessel 1004 through a fresh fluid inlet
1024 configured to keep the level of fluid within the vessel 1004 reasonably constant.

18169} As used, referenced, described or otherwise disclosed in this application, liquid
hydrocarbons way include, but are not limited to, oils, waste oils, glycerin, vegetable oils, refinery
by-products, asphalts, and other hydrocarbons.

{0118} FiG 11 shows a hydrocarbon disassociation system 1100 according to an
embodiment. As shown in FIG. 11, the system 1100 has a liquid reactor 1102 including a vessel
1103, where 1n some embodiments, the entire vessel 1103 encompasses all or most of the
components of the reactor 1102, The input liquad to be processed may enter the vessel 1103 at the
fiquid return 1104, This liquid return 1104 may include the filtered liquid hydrocarbon recycied
back from the carborn/liquid separator (filter) device 1106

8111} The reactor 1102 may be configured to generate a high enthalpy plasma jet stream
1108 through use of an input gas, such as natural gas feedstock 1110 The gas used for this plasma
jet 1108 formation may also include a portion of the syn-gas generated by the reactor device {e.g.,
fed back through gas return 1116 via syngas output 1114). The gas used for this plasma jet 1108
formation may be all syn-gas, or a mixture of fresh input feedstock gas, for example, but not lumited
to methane and the syn-gas. Ranges of each gas component could include, for example, methane
of 50% with hydrogen of 25% and carbon dioxide of 25% to methane of 98% with hydrogen of
1% and carbon dioxide of 1%. The resulting decomposition of such gas mixtures is all of the
carbon dioxide and hydrogen passes through the decomposition as the perceniage that enters, and

99+% of the methane {or any other hydrocarbon} are decomposed into hydrogen and solid carbon.
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In embodiments, some syngas is output via the syngas outlet 1114, and some syngas gas may be
fed back into the reactor via a syngas return inlet 1116

10112} (ias is injected around and through a cathode 1118 (in the view shown in FIG. 11,
a triangular shape pointing down) and the cathode 1118 is configured such that the gas exits the
cathode in a vortex. The spinning or rotating gas 1120 1s met with a DC discharge 1122, which is
spinning or rotating in the opposite direction maximizing decomposition rate and effictency, and
generating a high enthalpy plasma jet stream. In an embodiment, the anode 1124 1s a magnet which
may be a permanent magnet, or a coil or coils wrapped around the reactor 1102 that can induce a
magnetic field when electric current is applied through the coil or coils, and is provided to help
control and otherwise regulate the rotation of the plasma.

8113} The plasma-forming gas expands and is forced cut the bottom nozzle 1128 as
plasma 1108, into the flind 1136 where 1t transfers all the plasma heat into decomposing the local
fluid around the nozzle 1128, thereby generating hydrogen, syn-gas, and carbon solid. That is,
due to the heat of the plasma 1108 as it exits nozzle 1128, fluid or liquid 1136 that is in the region
of the nozzle 1128 will heat up and decompose into its constituent elements, and this results in
hydrogen, syn-gas, and carbon solid. As shown, the level of the fluid 1136 1s above the nozzle
1128, such that the plasroa 1108 as it exats nozzle 1128 immediately comes into contact with the
fluid or liquid 1136 that isin the region of the nozzie 1128, The heated gases bubble up and around
the nozzle 1128 and exit the vessel via syngas output 1114 to be purified.

8114} in an embodiment, reactor 1102 includes a discharge plasma reactor 1130, within
which a hot gas stream {(or plasma jet) 1108 1s generated that is atrned at and passes into the liquid
1136 through the nozzle 1128, As described above, as the plasma jet stream 1008 passes into the
fiquid 1136, it imparts heat energy that results in decomposition of the hydrocarbons in the liquid
1136. There is a natural gas feedstock 1110 that brings gas to the discharge plasma reactor 1130
in order to create the hot plasma jet 1108,

{0115} The cathode 1118 side of the high voitage/bigh current reactor device 1s shown in
a triangle shape in FIG. 11, but the shape is not limited and may be any appropriate shape. The
cathode 1118 1s one side of the high voliage/high current supply that creates the plasma discharge,
where decomposition occurs. The syngas output 1114 s the exit for all gases, including hydrogen,

that are created by the reactor shown in FIG. 11, In an embodiment, there is an additional amount
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of syngas returmn (e.g., a given percentage of the exiting gas) which can provide a way to tecycle
filtered by-pass gas from the syngas output 1114 where the desired hydrogen from the
decomposttion is filtered.

{0116} The anode 1124 is the other side of the high voltage/high current supply for the
discharge plasma 1122, driving 1ts movement for the decomposition of the feedstock gas fed into
the hot plasma jet. The discharge plasma 1122 may move as indicated schematically by the curved
line depicting plasma 1122 in FIG. 11, Asthe plasma exits the nozzle 1128, it flows into the liquid
1136, such as schematically tllustrated by the curved arrows below nozzie 1128, Nozzie 1128
concentrates the plasma jet inteo the liquid for decomposition heat. During processing, carbon
solids 1134 are formed and shown captured by the hiquid 1136 as the black particles. The pump
1138 removes liquid from the reactor, e.g., at a constant rate {predetermined by decomposition rate
experiroentally) during which the hquid 1s passed through a filter 1106, After filter 1106, the
carbon has been concentrated and may be sent for further processing. The pump 1138 may return
the filtered liquid via the liquid return 1104 back to the reactor tor reprocessing.

{8117} FIG. 12 shows additional embodiments where the processing vessels 1202, as

,
shown and described herein, including in connection with FIGS. 10 and 11, are modular in design,
and can be clustered together o increase the total hydrogen / syn-gas output per umit area. The
number of units in a cluster is not limited, but may in practice be practically limited by the output
requirements for such a facility. This arrangewent also allows for utilizing the economy of scale
for a larger single syn-gas purification device, and a singular fluid / solid carbon removal (filter /
decanter / centrifuge} device. As shown, he individual syngas outputs of each module connect to
a common syngas output 1204, Simiarly, the modules share a common carbon output 1206, In
some embodiments, the vessels may have a sloping or funnel-shaped bottom of each modular unit,
e.g., in order to facilitate gathering of the carbon solids. Such modules may also be clustered
together in multiple dimensions (e.g., in a matrix-like arrangement), so as to create an even larger
Hquid pool device. This, again, would allow for economies of scale for other common use devices
to be used to reduce processing costs and facility size.

{0118} FiG. 13 shows a cross-section of an embodiment similar to the one shown and
described with respect to FIG. 11, where the plasma reactor is in intimate contact with the fluid in

the vessel. As shown in FIG. 13, hydrocarbon disassociation system 1300 includes a reactor 1302
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haviog a vessel 1304 and further containing one or more of: (i) a plasma source 1306 {e.g., a DC
plasma reactor); (it} an input of natural gas {or other hydrocarbon based) feedstock 1308 which is
the hydrocarbon of choice to be dissociated into the high-teraperature, high-energy plasma jet
generated by reactor 1302 and that is directed into the hquid pool 1310 of hydrocarbons to be
decomposed; {11} a magnet which 1s mmcorporated into the anode 1312 of the DC plasma reactor
1306, and is enhancing the DC discharge rotation around the wnside of the discharge plasma in
such a way as to dissociate all of the natural gas; (iv) a hydrogen (Hy) exat 1314 where the gas
produced by the decomposition 1s channeled for cooling and purification; and (v} a carbon exit
1316, e.g., at the lower left where the now carbon-laden liquid is pumped through an oil filtration
separator 1318, which returus the now filtered oil back to the Hquid pool 1310 via oil return 1320
for continued processing.

{0119} The reactor 1302 can include a cylindrical vessel 1304, e.g, made of a dielectric
material or steel, that contains the plasma and provides the liquid pool, the natural gas multi-port
injection, the oil filtration, the Hy exit to a gas cooling station 1322, Gas cooling station 1322 may
include a carbon collection zone at a botiom of the station (e.g., a cyclone-type particle separator
for dust and particulates) which leads to the separation and purification module 1324, In
embodiments, the reactor may be elongated, and a ratio of diameter to length may be from about
2110 1001

{8128} FIG. 14 shows an 1so-tilted section of an approximation of an embodiment stmilar
to the configuration in FIG. 10 where the cathode is positioned over an anode in the form of a
rotating drum semi-wetted by the fluid in the vessel where the DC discharge goes directly from
the cathode to the anode drum partially embedded in fluid. As shown in FIG. 14, a carbon graphite
rod 1401 as plasma source cathode electrode 15 installed perpendicular to the vessel top; 1402 -
Hvdrogen exhaust is the pipe emanating from the upper right at about a 45 degree angle; 1403
Rotating drum anode that spans the width of the vessel and that 1s wetted with the hydrocarbon
Hgquid and where the plasma discharge will be dissociating the bydrocarbon into hydrogen and
solid carbon; 1404 — Is the anode Drum rotating gear motor controllable to 0 to 100 revolutions
per mioute; 1405 — Rotating drum weiting hiquad level {and also the upper portion of the 1406
Vessel that is removable for maintenance) held constant such that the top of the drum i3 extended

above the liquid level; 1406 - Carbon & hydrocarbon vessel and bottom funnel; 1407 - Carbon-
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dense pump tn the center bottom of the sketch 1s where the carboun-laden liquids are moved to
filtration; 1408 and 1409 - Solid Carbon removal is depicted by this feature but mavbe a filter, a
centrifugal device, a decanting tank, or other solid-in-liquid separation method; 1408 —in the lower
feft, indicates the separated carbon exit to further processing, and 1410 — Filtered hydrocarbon
hiquid return in the center left as the tlow of this oil for recycling.

{8121} FIG. 15 is a wire diagram utilizing a CAD revision of a cross-section of an
approximation of the ‘as built’ implementation of an embodiment similar to that shown in FIGS.
11 and 13, with the processing vessel with plasma reactor on top but positioned in intimate
positioning with the fluid level in the vessel in such a way as to inject the high temperature plasma
jet into the fluird. Processing vessel with Plasma Reactor on top but positioned in intimate position
with the fluid level in the vessel in such a way as to inject the high temperature plasma jet into the
flurd. 1501 - Plasma source reactor (also the DO Plasma reactor in FIG. 13 and discharge plasma
reactor in FIG. 11}, 1502 - Hydrogen exhaust {also the H2 1o FIG. 13 and the Syngas output of
FIG. 11); 1503 - Hot Plasma gas jetting level 1nto the hiquid, which 1s also the ol fill liquid leveler
of FIG. 13; 1504 - Hydrocarbon vessel, which 13 the vessel in FIG. 11 and the reactor containment
in FIG. 13; 1505 - Liquid level held at this point (not shown in FIG. 11, but shown as Oil fill liquid
feveler in FIG. 13); 1506 ~ Carbon & hydrocarbon liquid funnel in the bottom where the oil 13
removed for filtration; 1507 - Carbon-dense pump which is the Oil Filtration in FIG. 13 and the
Carbon / liquid separator in FIG. 11; 1508 - Solid Carbon removal in the lower left is the carbon
exit where it will be further processed; 1509 - Filter representation; 1510 - Filtered hydrocarbon
Hquid return.

{6122} In some embodiments, the formation of carbon i3 stopped by the direct contact with
fiquid feedstock. This quenching of the carbon formation process will dictate the characteristics of
the carbon black formed, and therefore tts marketability.

18123} The reactor will be cooled, for example, by a water-cooling system that 1s coupled
to the reactor, not shown in these figures. In operation, DT power 15 supplied to the cathode and
anode to create a plasma. Hydrocarbon containing gas is introduced into gas input at the top and
euters 10to a processing zone in reactor at an angle via an angular opening (such as gas exit 806

shown in FIG, BC)
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{0124} In some embodiments, RF power may also be supplied to the cathode and anode
to create a plasma, e.g., concurrent with the creation of the DC based plasma. Ideally, the
hydrocarbon containing gas is pure, or substantially pure, hydrocarbon; 1o practice, there will be
impurities that need to be filtered out. Further, there may be a single hydrocarbon containing
gas, or a mixture of different hydrocarbon containing gasses (e.g., methane and natural gas).
{0125} The gas flow of the hydrocarbon containing gas pushes the hydrocarbon
containing gas into the plasma processing zone. Due to the discharge of high energy plasma,
hydrocarbon containing gas passing through this zone is struck with the high energy and
disassociates, at very high efficiency, breaking the carbon-hydrogen bonds in the hydrocarbon
into stngular bydrogen and carbon atoms, 1.¢., the elemenial constituents of the hydrocarbon. In
this zone, the hydrocarbon containing gas is heated to a temperature in the range between
1,000°C to 2,000°C, and in embodiments around 1,500°C, causing a majority or a substantial
majority of the hydrocarbon to convert into its elemental coustituents,

{6126} For example, in embodiments, over 90% of the hydrocarbon containing gas is
disassociated, in other embodiments, over 95% dissociation is achieved, in other embodiments
over 98% is achieved, and in other embodiments substantially 100% {e.g., 99.99%) 15 achieved.
Operational parameters, like but not limited to, plasma gas feed flow rate that is slower than
experimentally nominal values combined with higher voltage and current values applied to the
cathode and anode will result in the higher / highest hydrocarbon conversion rate (disassociation
rate} into hydrogen, just not at the highest productivity rates. Higher flow rates and lower
voltages will lower the percent conversion, but will produce hydrogen at higher rates. Actual
parameters are based upon the power size and range of the plasma generator, along with the
desired product characteristics to maximize; hydrogen specific, or carbon specific.

{8127} As per illustrated in FIG. 10, the discharge plasma is then occurring from the
cathode to the rotating anode drum through the thin film evaporating it instantly at the highest
ternperature possible. The discharge is oscillated / scanued across the top of the rotating drom as
to maximize the volume of exposed liquid, there for generating hydrogen.

{0128} In FIG 11, a plasma flame 1s generated in the reactor just above the hiquid level,

and this high temperature / high velocity gas blows into the liquid imparting dissociation energy
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creating hydrogen as a gas and carbon as a solid wetted by the hiqud. This carbon s filtered
from the liquid by recirculating filtration.

{0129} Advantages of systems disclosed herein is that they generally require less energy
to decompeose hydrocarbons, almost all energy put into plasma goes into disassociation process,
and therefore the syster 1s much more efficient. In some embodiments, systems may achieve an
efficiency of about 24 kWh/Kg, and in some embodiments, the efficiency may be from about 15
kWh/Kg to about 30 kWh/Kg. Prior art systems are significantly less efficient.

{#130] The following applies generally to any bhydrocarbon disassociation system
disclosed herein, including hydrocarbon disassociation systems. Cathode may optionally be
capable of moving. Through use, the material of cathode deteriorates and 1s eiched away, thereby
growing smaller over time. By controlling the location of cathode, for example, to maintain a fixed
distance between cathode and anode. This can improve the operation of the sysiem over time, and
increase the time of continuous operation before cathode must be replaced. A dynamic cathode
positioner is further described herein.  In another embodiment, the inserted cathode can be
configured to have an additional cathode screwed onto the trailing end of the first cathode
increasing the total usable life.

{0131} Exemplary bydrocarbon-containing gases used tn embodiments disclosed herein
include methane, natural gas, compressed natural gas (CNG), petroleum gas, syn-gas, bio-diesel,
and other types of hydrocarbon including combinations of any of these.

18132} in some embodiments, the target temperature to disassociate hydrocarbon-
containing gas is about 1,500°C, and may be from about 1,000°C-2,000°C. At this temperature, or
within this range, the hydrocarbon may be disassociated at a high rate (e.g., more than 98% of
hydrocarbon 1s disassociated), with efficient energy use. The disagsociation may still be successtul
at higher temperanires {e.g, greater than 2,000°C), but the additional energy to reach those

59

temperatures is effectively “wasted,” in that the disassociation is not substantially improved
relative to the additional energy used.

{0133} A reactor system could include a single reactor or a plurality of parallel reactors, of
the same or different types. In other words, the hydrocarbon disassociation systems disclosed

herein are modular,
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{0134} The hydrocarbon disassociation systems disclosed herein may be used in a variety
of applications. Examples of such application could be, but not limited to, light oils like vegetable
cooking oils, alcohols, acetone, kerosene, methanol, to fuels like diesel and gasoline, to heavy
fluids like crude, waste crankcase oils, and transmission fluids, to semi-solids like asphalt where
the feedstock would need to be pre-heated to flow into the vessel.

{0135} Plasma source / reactor may include a direct current (DC) discharge plasma source,
as shown in FIGS. 10, 11, 12, and 13, The DC discharge plasma source includes a cathode and
anode. Cathode and anode may take different shapes including cvlindrical, conical, ring shaped,
and other geometric configurations. Exemplary materials for cathode and anode include lithium
cobalt oxide (LCO), hithinm nickel manganese cobalt oxide (NMC), lithium nickel cobalt oxide
doped with alumina (NCA), lithium manganese oxide (LM}, and lithium iron phosphate (LFP).

{8136} The DC discharge plasma source also includes a power source, such as a DC power
source. A plasma discharge is created when DC power is applied to cathode and anode in the
presence of a hydrocarbon contaiming gas, and the plasma discharge occurs between the cathode
and anode. In some embodiments, the plasma source may further tnclude a radio frequency (RF)
power source that can create an RF-based plasma between cathode and anode. While the DC-based
plasma is a discharge, if a RF-based plasma is used, it will expand to fill the volume of the reactor
within the plasma processing zone.

{8137} Hydrogen / Syngas output 18 provided to allow the gaseous hydrogen to be
coliected. For example, hydrogen exit may include a valve and piping allowing the hydrogen to
exit the hydrocarbon disassociation system. The exiting hydrogen may include some amount of
hydrocarbon gas and/or other impurities, and may be subject to further purification processes. In
some embodiments, remaining hydrocarbon gas may be recycled back to the reactor, for example
by pressure already supplied by the purification compressor or by venture into the plasma gas
feedstock supply.

{0138] Carbon exit {shown as Carbon/liquud separator), as shown in each drawing at the
fower left is provided to allow the solid carbon to be filtered from the feedstock liquid and
cotlected. From thus filtered collection, carbon with some fluid will be transferred to a rotary no

oxygen pyrolysis kiln operating at about B00 deg C where the thuid is evaporated as a syn-gas and
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returned to the plasma reactor for conversion, and the dried carbon is now carbon black, and
packaged for sale or further processing.

10139] FIG. 12 dlusirates a mudtitude of liguid hydrocarbon disassociation systems
utilizing a rotating drum-creating-liquid film device as a method to combine fluid holding vessels,
fluid filtering requirements, cooling requirements, and gasecus filtration and purification
requirements according to an embodiment.

10146} The process disclosed herein may run on a continuous basis with little or no
interruption, which minimizes downtime impact from maintenance. Allowing the process to
stabilize and operate at favorable nominal process parameters leads to more consistent product
guality. One of the few maintenance interrupts for the disclosed process is the replacernent of high
temperature cathode in the reactor. Due to the etching effects from the high current on cathode,
which may be made of graphiie or graphiie composites, for example, and made at desivable
dimensions specifically to extend its useful lifetime, cathode will erode over time and must be
replaced. In some embodiments, the cathode is positioned relative to the anode to regulate the size
and potency of the plasma energy, and in embodiments this dimensional feature i1s within
approximately +/- 10% of a predetermined value.

161411 In embodiments a sensor {¢.g., a Methane gas detector from Honeywell Co.) may
be used to measure the amount of hydrocarbon containing gas that leaves the reactor through either
of the hydrogen exit and carbon exit and/or that measures the amount of hydrocarbon containing
gas that passes through the gas/solid separating zone or in the syn-gas output/hydrogen exhaust
(702}, as noted in the FIGS. 11, 12, 15 and 16. A sensor may also be used to measure the amount
of hydrocarbon containing gas euntering the reactor through input. From these measurements, the
amount of hydrocarbon containing gas that is disassociated may be determined. If the amount is
too low {e.g., less than 98%), then a control circuit coupled to the DC power supply may alter the
current tlow, rotation speed, and other processing-controlled parameters so as to cause the plasma
to rotate at a faster rate, with the effect of holding the conversion rate at 4 high constant.

{0142} FiG. 16 illustrates a process flow as a block diagram for the liquid decomposition
according to an embodiment. In this embodiment, tankers ot other carrying vehicles deliver oils,
fubricants, and other types of liquids (including, but not limited to, unwanted and waste liquids},

which are temporarily stored. Liquid pre-treatment is performed during storage and prior to use
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which includes chemical analyses, mixing for umiformity, de~-gassing, and de-watering. Since the
liquids will be obtained from different supplies and stored for pre-processing in different tankage,
and therefore assumed to be of different chemicals and concentration of said chemicals, an analysis
may be required to determine the mixing portions of the different liquids together as ingredients
to form an acceptable processable feedstock. A pre-determined mixture chart may assist in this
process to get a relatively decomposition rate, uniform flow of hydrogen, consistency of heating,
and carbon/hydrogen ratio. This ratio will establish the processing parameters previously
determined by experimental results for best hydrogen conversion and purity. While the thad is
waiting, de-gassing and de-watering pretreatment {indirect heating to >100 deg C and < 150 deg
) 15 administered. The fluid 15 then mixed in-travsit to the processor, and since i will be warm
from pretreatment, the flow into the reactor is achievable with low-energy ligmid pumping.
Processing occurs instantly as natural gas {or syn-gas) as an 1onized plasma gas dumps all its
plasma energy into the liquid, generating hydrogen in gas form, carbon particles in the liguid, and
a host of other hydrocarbon gas vapors. An optional direct discharge to liguid method of
decomposition is also described herein. The gas then moves without contact or dilution with
outside air, to the cooling and condensing unit. This equipment reduces the hydrogen temperature
to below hydrocarbon vapor condensation temperatures. The condensed vapors are return to the
vessel liquid pool for reprocessing, and the hydrogen moves to membrane or PSA contaminate
removal, This then results in a 99 to 99.99% (f woven or PSA processed, respectfuily) guality
hydrogen suitable for industrial or fuel cell use, respecttully. Clean hydrogen is pumped at >10 bar
to a storage tank. Further pressunizing and/or pressured transfer to delivery truck-age or rail car
maybe required and accomplished at additionally pumped/compressed pressures of 170 to 350 bar,
or in some embodiments, to 500 bar. The a1l 1s collecting the carbon generated. This carbon builds
up and settles in the bottom of the vessel. The high-density carbon settles to the bottom of the
vessel and s slowly pumped to the filtering mechanism. Excess o1l extracted here goes back for
reprocessing by pouring back into the constant level hiquid of the vessel. The collected carbon 1s
moved to the final processor, which may be a top leading plasma reactor where the carbon mass
18 subjected to a “drop-in” decomposition and hydrogen and carbon black are made, simiar to the
gas processing units. In some embodiments, the collected carbon may be processed via a pyrolviic

plasma/syngas heated decomposition kiln, reducing the oily carbon to hydrogen and carbon black.
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{01431 The hydrocarbon disassociation systems disclosed herein may be used in a variety
of applications. For example, Hydrocarbon disassociation may be useful when handling natural
gas, such as iquefied natural gas (LNG). Source facilities hiquety natural gas into LNG, which
can then be transported on a ship specially designed to carry LNG from a source facility to a
receiving facility. Typically, LNG is transported from the o1l and gas fields where it is drilled up
and liguefied. This liquid 1s then transported on a ship to the customer [ocation, since itis a higher
energy density than hydrogen. From there, it 18 either re-gasified (which 1s only a change of
phystcal phase from liquid to gas} and then pumped on-shore to storage tanks, or pumped
onshore as the same liquid state 1t was transported as. This 1s only a change of physical state,
not a conversion to a different chemical compound, what we call a conversion in this
application.

{0144 Thus ship may have three main processing compounents on it. Fivst, there may
be a regasification processor, such as a regasification processor known in the industry. This
regasification will be sized to address the natural gas volume expected to be processed per day
and the natural gas electrical generator needs of power for the process and its associated
equipmaent. Second, there may be a smaller and more limited volume of LNG storage held on
this ship with enough volume to address a certain number of days of power geveration by
natural gas generators onboard and for the feedstock supply gas. Third, the ship may have the
conversion reactors {(1.¢., the hydrocarbon disassociation systems described herein) creating
and storing hydrogen from the hydrocarbon feedstock.

{0145} In embodiments, these ships may include a hydrocarbon disassociation system,
such as system 100 or system 200, For example, a ship may have reactors of various sizes,
e.g., 5 to 10 mega-watt reactors, which can generate high quality hvdrogen. The ship may
move to a receiving location where it receives LNG. A portion of the LNG may be transferred
to a regasification processor where re- gasification occurs. Re-gasification of the LNG will
occur as required, with some margin for surge capacity. If dehumidification is required, this
will happen here to insure a high-quality raw material source for the process and now gaseous
NG will be utilized for power generation.  As a result of this re-gasification, power is
generated, exhaust gases may be utilized for heating {e.g., as needed for re-gasification}, and

cooled exhaust gases may be vented. In addition, or alternatively, natural gas {(or other
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feedstock gas) may be converted by the hydrocarbon disassociation system onboard the ship
to hydrogen, which can be stored and pumped to a receiving facility. Additionally, the
conversion of natural gas to hydrogen may also produce carbon, and the carbon may be
packaged and transferred to the same receiving facility, a different receiving facility, or
dumped as an inert solid without negative environmental impact.
{01461 Aspects of the present disclosure are further described by the following non-
Hrotting list of tems:

Item 1. A method for producing hydrogen and carbon from hydrocarbons in areaction
chamber, the method comprising:

ntroducing a hydrocarbon wto a chamber such that the hydrocarbon rotates 1n a first
direction;

generating a divect cutrent (DC)-based plasma from a portion of the hydrocarbon,
wherein the hydrocarbon is heated to a temperature greater than 1,000°C atleast in part by the
DC-based plasma;

rotating the DC-based plasma in a second direction that is different from the first
direction;

converting the hydrocarboun into elemental constituents of the hydrocarbon comprising
carbon solid and hydrogen gas; and

separating the carbon solid from the hydrogen gas to provide a solid part and a gas part.

Item 2. The method of item |, wherein the second direction opposes the first divection.

Item 3. The method of any one of ttem 1- 2, further comprising quenching the carbon

solid, wherein the carbon solid comprises carbon black.
Item 4. The method of any one of items -3, wherein a portion of the plasma and a portion

of the hydrocarbon come into angular contact with one ancther based on their respective rotations

bewng different in one or more dimensions.
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Itern 5. The method of any oue of ttem {-4, wherein the hydrocarbon is contained in a

2as that is substantially devoid of oxygen, nitrogen, and sulfurs.

Item 6. The method of any one of item |-4, wherein the amount of oxygen, nitrogen,

and sulfurs in the gas 1s less than one molar percent.

Item 7. The method of any one of iterns 1-6, further comprising generating a radio-

frequency {RF) based plasma.

Itern 8. The method of any one of ttems 1-7, wherein separating the carbou solid from
the hydrogen gas comprises removing the carbon solid via a fluid cocled auger in such a way

as to restrict the retntroduction of air into the carbon solid within the separation chamber,

Itemm 9. The method of any one of iterns 1-8, wherein the hydrocarbon is heated to a

temperature between 1,400°C -~ 2,000°C.

Item 10, The method of any one of items 1-9, wherewn separating the carbou solid from
the hydrogen gas further comprises one or more of’

reducing the gas velocity by placing the carbon solid and hydrogen gas into a
volumetrically larger section of the reaction chamber and allowing gravity to let the carbon
solid settle;

reducing the temperature by allowing the carbon solid and/or hydrogen gas to contact
walls of the reaction chamber, therefore reducing the gas volume and velocity; and

contacting the carbon solid and/or hydrogen gas to the walls, thereby physically

stowing the carbon solid so that it can collect and fall to the bottom of the reaction chamber.

Item 11. An apparatus for producing hydrogen and carbon solid from gaseocus
hydrocarbous, the apparatus comprising:

a processing chamber having a gas input, a gas outlet, and a solid outlet;
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a direct current {DC) plasrna generator configured to geuverate a plasma within a
plasma- processing zone of the processing chamber, wherein the DC plasma generator includes
a cathode and anode within the processing chamber and wherein the DC plasma generator is
configured so that the plasma heats up gas passing through the plasma processing zone to a
temperature greater than 1,000°C causing hydrocarbons in the gas to disassociate;

a magnet external to the processing chamber configured to cause plasma generated by
the DC plasma generator to rotate; and

a cooling system within a separating zone of the processing chamber, wherein the gas

input is configured to cause gas that passes through the gas input to rotate.

Item 12. The apparatus of item 11, wherein the cathode is moveable, and the apparatus
further includes a control system configured to move the cathode so as to maintain a

predetermined distance between the anode and cathode.

ftem 13. The apparatus of any one of items 11-12, further comprising a fluid cooled

auger configured for removing solid carbon from the processing chamber.

Item 14. The apparatus of any one of items 11-13, wherein the magnet external to the
processing chamber is configured to cause plasma generated by the DC plasma generator o

rotate at a rate between 1,000 RPM and 6,000 RPM.

Item 15. The apparatus of any ong of items 11-14, further comprising a radio frequency
{RF) plasma generator configured to generate a plasma within the plasma processing zone of

the processing chamber.

Item 16. The apparatus of any one of items 11-15, wherein the magoet external to the
processing chamber configured to cause plasma generated by the DC plasma generator to
rotate s further configured to cause the plasma generated by the DC plasma generator to

rotate in a direction opposite the direction of rotation of the gas passing through the gas input.
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Iten 17, Au apparatus for producing hydrogen and carbon solid from gaseous
hydrocarbons, the apparatus comprising;

a processing chamber having a gas input, a gas outlet, and a solid outlet;

a plasma generator configured to generate a plasma within a plasma-processing zone of
the processing chamber and wherein the DC plasma generator 1s configured so that the plasma
heats up gas passing through the plasma processing zone to a temperature greater than 1,400°
causing hydrocarbons in the gas to disassociate;

a magnet external to the processing chamber configured to cause plasma generated by
the DC plasma generator to rotate; and

a cooling system within a separating zoue of the processing chamber; wherein the
cooling system is capable of reducing a gas temperature to about 500°C or less 5o as to stop

carbon black particle, aggregate, and agglomerate formation,

Itemm 18 An apparatus for producing hydrogen and carbon solid from gaseous
hydrocarbons, the apparatus comprising;

a processing chamber having a gas input, a gas outlet, and a solid outlet;

a plasma generator configured to generate a plasma within a plasma-processing zone of
the processing chamber and wherein the DC plasma generator is configured sothat the plasma
heats up gas passing through the plasma processing zone to a temperature greater than 1,400°
causing hydrocarbons in the gas to disassociate;

a magnet external to the processing chamber configured to cause plasma generated by
the BT plasma generator to rotate; and

a cooling system within a separating zone of the processing chamber; wherein the
cooling system is capable of reducing a gas temperature to about 1000°C or less so as 1o stop

carbon black particle, aggregate, and agglomerate formation.

Item 19. The apparatus of any one of items 17-18, wherein the cooling system
comprises a plurality of gas injection nozzles circumferentially arranged around a part of the
reaction chamber downsiream from the anode, wherein the gas injection nozzles are coupled

to a source of hydrogen gas that 1s allowed to pass through the gas injection nozzies creating
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a curtain of cooling gas that the gas passing out of the plasma processing zone must pass

through.

Item 20. The apparatus of itemn 19, wherein the source of hydrogen gasis a small portion

of pressurized hydrogen gas from a purification system coupled to the gas outlet.

Item 21. A method for producing hydrogen and carbon solid from liquid hydrocarbons, the
method comprising;

introducing liquid hydrocarbons to a processing vessel;

wntroducing a plasma-forming gas;

forming or maintaining a DC plasma discharge between a cathode and an anode based at
least 1u part on the plasma-formung gas, wheretn the anode 1s rotatable and is at least partially
submerged in the liquid hydrocarbons,

rotating the anode to form a liguid filrn covering the anode, so that hydrocarbons in the
fiquid film are heated by the DC plasma discharge to a temaperature in the range between 1500
degrees K and 6000 degrees K thereby converting at least part of the hydrocarbons in the liquid
film into elemental constituents;

cooling the constituents to form a gas and solid product mixture comprising hydrogen gas
and carbon solid; and

extracting the hydrogen gas and carbon solid product mixture.

Item 22, The method of item 21, wherein the hydrogen gas iu the hydrogen gas and carbon
solid product mixture 15 1n syngas, and exiracting the hydrogen gas and carbon solid product

mixture comprises separating hydrogen from other components of the syngas.

Item 23. The method of any one of tterns 21-22, wherein extracting the hydrogen gas and
solid product mixture comprises:
allowing the hydrogen gas in the hydrogen gas and solid product mixture to exit through a

2as output]
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allowing the carbon solid 1n the hydrogen gas and solid product wixture to exit through a
carbon output; and

separating carbon solid from liguid in the carbon output.

Item 24. The method of item 23, wherein the gas output 1s located above a predetermined
fevel of liquid in the processing vessel and the carbon output is located below the predetermined

fevel of liguid in the processing vessel.

Item 25 The method of any one of items 21-24, wherein separating carbon solid from

fiquid 1o the carbon output comprises using a filter.

Item 26. The method of any one of items 21-25, wherein lguid that is separated from
Y :

carbon solid in the carbon output is returned back into the processing vessel.

ftem 27. The method of any one of items 21-26, further comprising separating vapor-laden
H> gas having a vapor content above a threshold from the Hz gas in the gas output and returning
condensed hiquid from the vapor-laden Hz gas back into the processing vessel.

~r
I
;

Itern 28. The method of any one of ttems 21-27, wherein the processing vessel is sealed

such that no atmospheric gases are able to enter above a level of liquid in the processing vessel.

Item 29, The method of any one of items 21-28, wherein introducing a plasma-forming gas

comprises converting part of the liquid hydrocarbons to gas and solids.

Item 30. The method of any one of items 21-29, further comprising controlling a level of

Hquid in the processing vessel to maintain the level of hiquid at 4 predetermined level.

Itern 31. The method of any one of items 21-30, wherein the anode comprises a drum.
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Itera 32, The method of any one of iteras 21-31, further comprising: prior to introducing
liquid hydrocarbons to the processing vessel, pre-treating the liguid hydrocarbons to remove one

or more of trapped gases, water, and light hydrocarbons.

Item 33. A system for producing hydrogen and carbon solid from higuid hydrocarbons, the
system comprising;

a processing vessel having a first region for containing gas and a second region for
contatning liquid hydrocarbons;

a cathode and an anode for forming or maintaining a DC plasma discharge between the
cathode and the anode, wherein the anode 15 rotatable;

a gas output in the first region;

a carbon output in the second region;

a fiquid input in the second region for introducing liquid hydrocarbons to the processing
vessel; and

a power source coupled to the anode and the cathode.

Item 34, The system of item 33, wherein the carbon output comprises a filter.

Itermn 35, The systero of item 34, further comprising a liquid returo and a pump coupled to
the filter and the liquid return configured to reintroduce liguid from the carbon output back into
the processing vessel.

o]
3

Item 36. The system of any one of items 33-35, further comprising a gas input and a gas
separation device coupled to the gas cutput and the gas input, wherein the gas separation device is
configured to separate pure hydrogen from other gas and further configured to reintroduce the

separated other gas back into the processing vessel.

Itera 37. The system of any ove of iteras 33-36, wherein the processing vessel is sealed

such that no atmospheric gases are able to enter above a level of liquid in the processing vessel.
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Iterms 38. The syster of any one of 1tems 33-37, further comprising a coniroller coupled to
one or more of the higuid input and carbon output and configured to control a level of liquid in the

processing vessel to maintain the level of hiquid at a predetermined level.

Item 39, The system of any one of iterns 33-38, wherein the anode comprises a drum.

Item 40. A system for producing hydrogen and carbon solid from hiquid hydrocarbons, the
systen comprising:

an array of processing vessels, each processing vessel having a first region for containing
gas and a second region for containing Hiquid hydrocarbons;

each processing vessel having a cathode and an anode for forming or maintaining a DC
plasma discharge between the cathode and the anode, wherein the anode 1s rotatable;

each processing vessel having a gas output in the first region;

each processing vessel having a carbon output in the second region;

each processing vessel baving a liquid input in the second region for introducing liquid
hydrocarbons to the processing vessel; and

each processing vessel having a power source coupled to the anode and the cathode.

Itern 41, The systern of item 40, wherein the array of processing vessels includes a row of

7 processing vessels for a number 2> 1.

Item 42, The system of item 40, wherein the array of processing vessels includes m rows

of 1 processing vessels for a first nurnber # > 1 and a second number m > 1.

Item 43. The system of any one of items 40-42, wherein the carbon output of one of the

processing vessels 1s shared among two or more of the processing vessels,

Itern 44. The system of any one of ttems 40-42, wherein the carbon output of each of the

processing vessels is shared among each of the processing vessels.
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Item 45, A method for producing hydrogen and carbon solid from liquad hydrocarbons, the
method comprising:

introducing hiquid hydrocarbons to a processing vessel;

introducing a plasma-forming gas;

torming or maintaining a plasma between a cathode and an anode based at least in part on
the plasma-forming gas;

directing a plasma jet formed from the plasma into the hiquid hyvdrocarbons, so that
hydrocarbons in the vicinity of the plasma jet are heated by the plasma jet to a temperature in the
range between 1500 degrees K and 6000 degrees K thereby converting at least part of the
hydrocarbons in the vicinity of the plasma jet into elemental constituents;

cooling the constituents to form a gas and solid product mixture comprising hydrogen gas
and carbon solid: and

extracting the gas and solid product mixture.

ftem 46. The method of item 45, wherein extracting the gas and solid product mixture
COMPIises:

allowing the hydrogen gas in the gas and solid product mixture to exit through a gas output;

allowing the carbon solid in the gas and solid product mixture to exit through a carbon
output,; and

separating carbon solid from liquid in the carbon output.

Item 47, The method of item 46, wherein the gas output is located above a predetermined
fevel of liquid in the processing vessel and the carbon output 1s located below the predetermined

fevel of Higuid in the processing vessel.

Item 48. The method of any one of itemns 46-47, wherein separating carbon sohid from

figuid in the carbon output comprises using a filter.

ftem 49. The method of any one of items 46-48, wherein liquid that is separated from

carbon solid in the carbon output 1s returned back into the processing vessel.

(v
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Item 50. The method of any one of items 46-49, further comprising separating vapor-laden
H; gas having a vapor content above a threshold frors the Ha gas in the gas output and returning

condensed liguid from the vapor-laden Hy gas back into the processing vessel.

ftem S1. The method of any one of tems 46-50, wherein the processing vessel is sealed

such that no atmospheric gases are able to enter above a level of iquid in the processing vessel,

Item 52, The method of any one of items 46-51, wherein introducing a plasma-forming gas
comprises one or more of (1) feeding a plasma-forming gas from outside the processing vessel into

the processing vessel and (i1) returning back a part of the extracted gas.

Item 53. The method of any oue of items 46-52, further comprising controlling a fevel of

fiquid in the processing vessel to maintain the level of liquid at a predetermined level.

Item S4. A system for producing hydrogen and carbon solid from hiquid hydrocarbons, the
system comprising’

a processing vessel having a first region for containing gas and a second region for
containing liguid hydrocarbons;

a plasma forming reactor having a cathode and an ancde for forming or maintaining a
plasma between the cathode and the anode and turther having a nozzle for directing a plasma jet
formed from the plasma into the second region;

a gas output in the first region;

a carbon cutput in the second region;

a liquid input in the second region for introducing liquid hydrocarbons to the processing
vessel: and

a power source coupled to the anode and the cathode.

ftemn 55, The system of item 54, wherein the carbon cutput comprises a filter.

(v
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Itern 56 The system of item 55, further comprising a biquid return and a pump coupled to
the filter and the liquid return configured to reintroduce liguid from the carbon output back into

the processing vessel.

Itemn S7. The system of any one of items 54-56, further comprising a gas input and a gas
separation device coupled to the gas cutput and the gas input, wherein the gas separation device is
configured to separate pure hydrogen from other gas and further configured to reintroduce the

separated other gas back into the processing vessel.

Itern S8. The system of any ove of iteras 54-57, wherein the processing vessel is sealed

such that no atmospheric gases are able to enter above a level of liquid in the processing vessel.

Item 59. The system of any one of items 54-58, further comprising a controller coupled to
one or more of the hquid input and carbon output and configured to control a level of liquid in the

processing vessel 1o maintain the level of liquid at a predetermined level.

Btem 60, A system for producing hydrogen aund carbon solid from hiquid hydrocarbons, the
systen comprising:

an array of processing vessels, each processing vessel baving a first region for containing
gas and a second region for containing hquid hydrocarbons;

each processing vessel having a plasma torming reactor having a cathode and an anode for
forming or maintaining a plasma between the cathode and the anode and the plasma forming
reactor further having a nozzle for directing a plasma jet formed from the plasma into the second
region;

each processing vessel having a gas output in the first region;

each processing vessel having a carbon output in the second regiou;

each processing vessel having a liquid input in the second region for introducing liquid
hydrocarbons to the processing vessel; and

each processing vessel having a power source coupled 1o the anode and the cathode.

¥4
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Itermn 61. The systern of item 60, wherein the array of processing vessels includes a row of

7 processing vessels for a number 17> 1.

Item 62. The system of item 60, wherein the array of processing vessels includes m rows

of 1 processing vessels for a first nurnber # > 1 and a second number m > 1.

Item 63. The system of any one of items 60-62, wherein the carbon output of one of the

processing vessels is shared among two or more of the processing vessels,

ftem 64. The systers of any one of items 6062, wherein the carbon output of each of the

processing vessels is shared among each of the processing vessels.

{61471 While various embodiments are described herein, it should be understood that they
have been presented by way of example only, and not himitation. Thus, the breadth and scope of
this disclosure should not be limtted by any of the above-described exemplary embodiments.
Moreover, any combination of the above-described embodiments in all possible variations thereof
is encompassed by the disclosure unless otherwise indicated herein or otherwise clearly
contradicted by context.

{0148} Additionally, while the processes described above and illusirated in the drawings
are shown as a sequence of steps, this was done solely for the sake of illustration. Accordingly, it
is contemplated that some steps may be added, some steps may be omitied, the order of the steps

may be re-arranged, and some steps may be performed in parallel.

v
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CLAIMS

1. A method for producing hydrogen and carbon from hydrocarbons in a reaction
chamber, the method comprising:

introducing a hydrocarbon into a chamber such that the hydrocarbon rotates 1n a first
direction;

generating a divect cutrent (DC)-based plasma from a portion of the hydrocarbon,
wherein the hydrocarbon is heated to a temperature greater than 1,000°C at least in part by the
DC-based plasma;

rotating the DC-based plasma in a second direction that is different from the first
direction;

converting the hydrocarbon into elemental constituents of the hydrocarbon comprising
carbon solid and hydrogen gas; and

separating the carbon solid from the hydrogen gas to provide a solid part and a gas part.

2. The method of claim §, wherein the second direction opposes the first direction.
3. The method of any one of claira I- 2, further comprising guenching the carbon solid,

wherein the carbon solid comprises carbon black.

4. The method of any one of claims -3, wherein a portion of the plasma and a portion of
the hydrocarbon come into angular contact with one another based on their respective rotations

bewng different in one or more dimensions.

S. The method of any one of claim 1-4, wherein the hydrocarbon 1s contained in a gas

that 1s substantially devoid of oxygen, nitrogen, and sulfurs.

6. The method of any one of claim 1-4, wherein the amount of oxygen, nitrogen, and

sulfurs 1n the gas 15 less than one molar percent.

(v
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7. The method of any one of clairus 1-6, further comprising generating a radio-

frequency (RF) based plasma.

8. The method of any one of claims |-7, wherein separating the carbon solid from the
hydrogen gas comprises remmoving the carbon solid via a fluid cooled auger in such a way as

to restrict the reintroduction of air into the carbon solid within the separation chamber.

8. The method of any one of claims 1-8, wherein the hydrocarbon is heated to a

temperature between 1,400°C - 2,000°C.

10. The method of any one of claims [-9, wherein separating the carbon solid from the
hydrogen gas further corprises one or more of’

reducing the gas velocity by placing the carbon solid and hydrogen gas into a
volumetrically larger section of the reaction chamber and allowing gravity to let the carbon
solid settle;

reducing the temperature by allowing the carbon solid and/or hydrogen gas to contact
walls of the reaction chamber, therefore reducing the gas volume and velocity; and

contacting the carbon solid and/or hydrogen gas to the walls, thereby physically

stowing the carbon solid sothat it can collect and fall to the bottom of the reaction chamber.

11. An apparatus for producing hydrogen and carbon solid from gaseous hydrocarbons,
the apparatus comprising:

a processing chamber having a gas input, a gas outlet, and a solid outlet;

a direct current (DC) plasma generator configured to geserate a plasma within a
plasma- processing zone of the processing chamber, wherein the DC plasma generator includes
a cathode and anode within the processing chamber and wherein the DC plasma generator is
configured so that the plasma heats up gas passing through the plasma processing zone to a
temperature greater than 1,000°C causing hydrocarbons in the gas to disassociate;

a magnet external to the processing chamber configured to cause plasma generated by

the DC plasma generator to rotate; and
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a cooling system within a separating zone of the processing chamber, wherein the gas

input 1s configured to cause gas that passes through the gas input to rotate.

12, The apparatus of claim 1i, wherein the cathode is moveable, and the apparatus
further includes a countrol system configured to move the cathode so as to maintain a

predetermined distance between the anode and cathode.

13. The apparatus of any one of claims 11-12, further comprising a fluid cooled auger

contfigured for removing selid carbon from the processing chamber.

14. The apparatus of any one of claims 11-13, wherein the magnet external to the
processing chamber 1s configured to cause plasma generated by the DC plasma generator to

rotate at a rate between 1,000 RPM and 6,000 RPM.

15. The apparatus of any one of claims 11-14, further comprising a radio frequency
(RF) plasma generator configured to generate a plasima within the plasma processing zone of
the processing charber,

16. The apparatus of any one of clairas 11-15, wherein the magnet external to the
processing chamber configured to cause plasma generated by the DC plasma generator to
rotate 1s further contigured to cause the plasma generated by the DU plasma generator to

rotate in a direction opposite the direction of rotation of the gas passing through the gas input.

17. An apparatus for producing hydrogen and carbon solid from gaseous hydrocarbons,
the apparatus comprising:

a processing chamber having a gas input, a gas outlet, and a solid outlet;

a plasma generator configured to generate a plasma within a plasma-processing zone of
the processing chamber and wherein the DC plasma generator s configured so that the plasma
heats up gas passing through the plasma processing zone to a temperature greater than 1,400°

causing hydrocarbons in the gas to disassociate;

v
(@}



WO 2023/023636 PCT/US2022/075194

a magnet external to the processing chamber configured to cause plasma generated by
the DC plasma generator to rotate; and

a cooling system within a separating zone of the processing chamber; wherein the
cooling system is capable of reducing a gas temperature to about S00°C or less so as to stop

carbon black particle, aggregate, and agglomerate formation.

18. An apparatus for producing hydrogen and carbon solid from gaseous hydrocarbous,
the apparatus comprising:

a processing chamber having a gas input, a gas outlet, and a solid outlet;

a plasma generator configured to generate a plasma within a plasma-processing zone of
the processing chamber and wherein the DC plasma generator is configured so that the plasma
heats up gas passing through the plasma processing zone to a temperature greater than 1,400°
causing hydrocarbons in the gas to disassociate;

a magnet external to the processing chamber configured to cause plasma generated by
the DC plasma generator to rotate; and

a cooling system within a separating zone of the processing chamber; wherein the
cooling system is capable of reducing a gas temperature to about 1000°C or less so as to stop

carbon black particle, aggregate, and agglomerate formation.

19. The apparatus of any one of claims 17-18, wherein the cooling system comprises
a plurality of gas injection nozzles circumferentially arranged around a part of the reaction
chamber downstream from the anode, wherein the gas injection nozzles are coupled toa source
of hydrogen gas that is allowed to pass through the gas injection nozzles creating a curtain of

cooling gas that the gas passing out of the plasma processing zone must pass through.

20. The apparatus of claim 19, wherein the source of hydrogen gas s a small portion of

pressurized hydrogen gas from a purification system coupled to the gas outlet.

21. A method for producing syngas and carbon solid from liquid hydrocarbons, the method

comprising:
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introducing liquid hydrocarbons to a processing vessel,

introducing a plasma-forming gas;

forming or maintainiog a DC plasma discharge between a cathode and an avode based at
feast in part on the plasma-forming gas, wherein the anode 1s rotatable and is at least partially
submerged in the liquid hydrocarbons;

rotating the anode to form a liquid film covering the anode, so that hydrocarbons in the
Hiquid film are heated by the DC plasma discharge to a temperature in the range between 1500
degrees K and 6000 degrees K thereby converting at feast part of the hydrocarbons in the liquid
film into elemental constituents;

cooling the constituents to form a gas and solid product mixture comprising hydrogen gas
and carbon solid; and

extracting the hydrogen gas and carbon solid product nmuxture.

22, The method of claim 21, wherein the hydrogen gas in the hydrogen gas and carbon
solid product mixture is in syngas, and exiracting the hydrogen gas and carbon solid product

nmuxture comprises separating hydrogen from other components of the syngas.

23. The method of any one of claims 21-22, wherein extracting the hydrogen gas and solid
product mixture comprises:

allowing the hvdrogen gas in the hydrogen gas and solid product mixture to exit through a
gas output;

allowing the carbon solid in the hydrogen gas and solid product mixture to exit through a
carbon output; and

separating carbon solid from liquid in the carbon output.

24 The method of claim 23, wherein the gas output is located above a predetermined level
of higuid in the processing vessel and the carbon output is located below the predetermined level

of liguid in the processing vessel.
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25. The method of any one of claims 21-24, wheretn separating carbon solid from liguid 1o

the carbon output comprises using a filter,

26. The method of any one of claims 21-25, wherein liquid that is separated from carbon

solid in the carbon output 1s returned back into the processing vessel.

27. The method of any one of claims 21-26, further comprising separating vapor-taden Hp
gas having a vapor content above a threshold from the H; gas in the gas output and returning

condensed liguid from the vapor-laden Hy gas back into the processing vessel.

28. The method of any one of claims 21-27, wherein the processing vessel is sealed such

that no atmospheric gases are able to eoter above a level of hiquid in the processing vessel.

29. The method of any one of claims 21-28, wherein introducing a plasma-forming gas

comprises converting part of the liguid hydrocarbons to gas and solids.

30. The method of any one of claims 21-29, further cornprising controlling a level of liquid

in the processing vessel to maintain the level of liquid at a predetermined level.

31. The method of any one of claims 21-30, wherein the anode comprises a drum.

32 The method of any one of claims 21-31, further comprising: prior to introducing liquid
hydrocarbons to the processing vessel, pre-treating the liquid hydrocarbons to remove one or more

of trapped gases, water, and light hvdrocarbons.

33 A systern for producing syugas and carbon solid from higuid hydrocarbons, the system
comprising:
a processing vessel having a first region for containing gas and a second region for

containing liquid hydrocarbons;



WO 2023/023636 PCT/US2022/075194

a cathode and an anode for forming or maintaining a DC plasma discharge between the
cathode and the anode, wherein the anode is rotatable;

a gas output in the first region;

a carbon output in the second region;

a hquid nput in the second region for introducing liquid hydrocarbons to the processing
vessel; and

a power source coupled to the anode and the cathode.

34. The system of claim 33, wherein the carbon output comprises a filter.

35 The system of claim 34, further comprising a liquid return and a pump coupled to the
filter and the liquid return configured to retntroduce liquid from the carbon output back uto the

processing vessel.

36. The system of any one of claims 33-35, further comprising a gas input and a gas
separation device coupled to the gas output and the gas input, wherein the gas separation device 18
configured to separate pure hydrogen from other gas and further configured to rewniroduce the

separated other gas back into the processing vessel.

37. The system of any one of claims 33-36, wherein the processing vessel 1s sealed such

that no atmospheric gases are able to enter above a level of liquid in the processing vessel.

38. The system of any one of claims 33-37, further comprising a controller coupled to one
or more of the liquud tnput and carbon output and configured to control a level of liguid in the
processing vessel 1o maintain the level of liquid at a predetermined level.

39. The system of any one of claims 33-38, wherein the anode comprises a drum.

40. A system for producing syngas and carbon solid from liquid hydrocarbons, the system

comprising:
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an array of processing vessels, each processing vessel baving a first region for containing
gas and a second region for containing hquid hydrocarbons;

each processing vessel having a cathode and an anode for forming or maintaining a DC
plasma discharge between the cathode and the ancde, wherein the anode is rotatable;

cach processing vessel having a gas output 1n the first region;

each processing vessel having a carbon output in the second region;

each processing vessel having a hquid input in the second region for introducing liquid
hydrocarbons to the processing vessel; and

each processing vessel having a power source coupled to the anode and the cathode.

41. The system of claim 40, wherein the array of processing vessels includes a row of 1

processing vessels for anumbern > 1.

42. The syster of claim 40, wherein the array of processing vessels includes m rows of 1
processing vessels for a first number # > 1 and a second number m > 1.
43. The system of any one of claims 40-42

wherein the carbon output of one of the

2

processing vessels is shared among two or more of the processing vessels.

44. The system of any one of claims 40-42, wherein the carbon cutput of each of the

processing vessels s shared among each of the processing vessels.

45. A method for producing syngas and carbon solid from liquid hydrocarbons, the method
comprising:

introducing Hquid hydrocarbons to a processing vessel;

introducing a plasma-forriog gas;

forming or maintaining a plasma between a cathode and an anode based at least in part on
the plasma-forming gas,

directing a plasma jet formed from the plasma into the liquid hydrocarbouns, so that

hydrocarbons in the vicinity of the plasma jet are heated by the plasma jet to a temperature in the
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range between 1300 degrees K and 6000 degrees K thereby converting at least part of the
hydrocarbons in the vicinity of the plasma jet into elemental constituents;

cooling the constituenis to form a gas and solid product mixture comprising hydrogen gas
and carbon solid; and

extracting the gas and solid product muxture.

46. The method of claim 45, wherein extracting the gas and solid product mixture
comprises:

allowing the hvdrogen gas in the gas and solid product mixture to exit through a gas cutput;

allowing the carbon solid in the gas and solid product mixture to exit through a carbon
output; and

separating carbon solid from liguid in the carbon output.

47. The method of claim 46, wherein the gas output 1s located above a predetermined level
of Hiquid in the processing vessel and the carbon output is located below the predetermined level

of liquid in the processing vessel.

48. The method of any one of claims 46-47, wherein separating carbon solid from liguid in

the carbon output comprises using a filter,

49. The method of any one of claims 46-48, wherein liquid that is separated from carbon

solid in the carbon output is returned back into the processing vessel.
50. The method of any one of claims 46-49, further comprising separating vapor-faden Ha
gas having a vapor content above a threshold from the Hy gas in the gas output and returning

condensed hiquid from the vapor-laden Hy gas back into the processing vessel.

51. The method of any one of claims 46-50, wherein the processing vessel is sealed such

that no atmospheric gases are able to enter above a level of liquid in the processing vessel.
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52. The method of any one of claims 46-51, wherein introducing a plasma-forming gas
comprises one or more of (i) feeding a plasma-forming gas from outside the processing vessel into

the processing vessel and (i1) returning back a part of the extracted gas.

53. The method of any one of clairus 46-52, further comprising controiling a level of liquid

in the processing vessel to maintain the level of liquid at a predetermined level.

54. A system for producing syngas and carbon solid from lHquid hydrocarbons, the system
comprising:

a processing vessel having a first region for containing gas and a second region for
containing liquid hydrocarbons;

a plasma forming reactor having a cathode and an anode for forming or maintaining a
plasma between the cathode and the anode and further having a nozzle for directing a plasma jet
formed from the plasma into the second region;

a gas oufput in the first region;

a carbon output in the second region;

a hiquid iput in the second region for wntroducing liquid hydrocarbons to the processing
vessel; and

a power source coupled to the anode and the cathode.

55 The system of claim 54, wherein the carbon output comprises a filter,

56 The system of claim 55, further comprising a liquid return and a pump coupled to the
filter and the hiquid return configured to reintroduce liquid from the carbon output back into the

processing vessel.

57. The system of any one of claims 54-56, further comprising a gas input and a gas
separation device coupled to the gas output and the gas input, wherein the gas separation device is
configured to separate pure hydrogen from other gas and further configured to reintroduce the

separated other gas back into the processing vessel.
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58. The system of any one of claims 54-57, wherein the processing vessel is sealed such

that no atmospheric gases are able to eoter above a level of hiquid in the processing vessel.

59. The system of any one of claims 54-58, further comprising a controller coupled to one
or more of the liquid put and carbon output and configured to control a level of liquid 1u the

processing vessel to maintain the level of liquid at a predetermined level.

60. A system for producing syngas and carbon solid from higuid hydrocarbons, the system
comprising:

an array of processing vessels, each processing vessel having a first region for containing
gas and a second region for containing hiquid hydrocarbons;

each processing vessel having a plasma forming reactor having a cathode and an anode for
forming or maintaining a plasma between the cathode and the anode and the plasma forming
reactor further having a nozzle for directing a plasma jet formed from the plasma into the second
region;

each processing vessel having a gas output in the first region;

each processing vessel having a carbon output in the second region;

each processing vessel having a liquid mput in the second region for 1utroducing hqund
hydrocarbons to the processing vessel; and

each processing vessel having a power source coupled to the anode and the cathode.

61. The system of claim 60, wherein the array of processing vessels includes a row of 1

processing vessels for a number s> 1.

62. The system of claim 60, wherein the array of processing vessels includes # rows of #

processing vessels for a first number #» > 1 and a second number m > 1.

63. The system of any one of claims 60-02, wherein the carbon output of one of the

processing vessels s shared among two or more of the processing vessels.
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64. The system of any one of claims 60-62, wherein the carbon cutput of each of the

processing vessels is shared among each of the processing vessels,



WO 2023/023636

A

PCT/US2022/075194

w 10
. ’/ i 600
v a /
102
| /"06 /
- 12 “i
7
¥ L 08 / / Water
cooling
‘ system
312 302 10?’1\
Hydrogen
- / ourification
T system
g L
3y
114
204
S
116
L\ /

FIG. 1



WO 2023/023636 PCT/US2022/075194

2017

) |
fm%m i’!
U
DC { zf ’
% RF energy
@ (ensrator
system
1081
&\ 2
114
204

ok

FIG. 2



PCT/US2022/075194

WO 2023/023636

317

N

AN

314 <

FIG. 3



PCT/US2022/075194

WO 2023/023636

47

fgmm_,__.m_m_,.,

'

4

FIG. 4



WO 2023/023636 PCT/US2022/075194

517




WO 2023/023636

6/17

PCT/US2022/075194




PCT/US2022/075194

WO 2023/023636

77

i
706

;4

FIG. 7B

FIG. 7A



PCT/US2022/075194

WO 2023/023636

817

28 i

0 i Hrzmeeee \\\,me iam
A T R T e

B ARUJAVRVRNUNURNRAN B XAV AVAMOAV A AN

§35 ]
AY

O%Lxx il

T
L
Lo

c o 4

R s v om0 =F g
e gy - \m o o,
SR 0 S I B i % T e o g P

[Shakrded RETTF 2P

hly E
o, i =
25, '
R .8.&,&151&...\%.%‘5%1 & -
e Lo P -



PCT/US2022/075194

WO 2023/023636

917

PERERISIL 0

o o e
[4
“Iiﬂi Iy
3...3...5

_,:;., :
..ngg.

FIG. 9B

FIG. 9C



WO 2023/023636 PCT/US2022/075194

10017




WO 2023/023636 PCT/US2022/075194

117

0 /1006

1018

I

0~/
| \ 5= Syngas ouput

P
Y]

i o W
A\
i

N

o

V? .

1]

V3 e

Tocarbon
collection S

1000 164 1004



WO 2023/023636 PCT/US2022/075194

1217

Tocabon
collection S

FIG. 11



WO 2023/023636 PCT/US2022/075194

1317

FIG. 12




WO 2023/023636

14017

..... E..,,mg
; ~
,,,,,,,,,,, 3 &
|

7

o
......

(e o

<2

~-=-
Ol
<D
oD
~

1300

GEEHE
[
¥
nBndn
2o
s ~
5@-—-—-—- <D D

PCT/US2022/075194

FIG. 13



PCT/US2022/075194

WO 2023/023636

15017

x
>~
~
S

o g o
o
o axn

1401

:;:;::3§§

o
o




PCT/US2022/075194

WO 2023/023636

1

16

FIG. 15



PCT/US2022/075194

WO 2023/023636

gl

Tt
mcggi <=

91 9l

Uy &)
%@%m

) ﬂ%ﬁ ) toj Uogie
¥inG 84 BA0uR! 01 pasn 81 of

emg

39

0
fju8)

snonuuos Buueasp 10 ssaid Jayd -
SYUBUIRRA-S0 Spnbl Loy SpIog

fi

m

a0}

v

(3%

pasenep g {Aigend
Emn_ 10 ﬁm@%

__Q3 188
Ui a%

a m pamgm
Bitjo0s segy
S)UaULaI-I80d SO

g _e Sg
JU03 SR
) 1 16l euiseyd

Sajnozjou
sefi j0y 58 U
BRI O cef R
Loneiossip jol Bulseld
dhug; Uiy -
up) Bussaooiy

sefjoy o -

mgﬁ%
Aoy Joj Buy -

1UBLIBRIBid PInD)

Qv 00 e
pezio: sef esiuel

$01M0S DaLEA 1oy
S31BAED YOy} JoUe]




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2022/075194

A. CLASSIFICATION OF SUBJECT MATTER

ADD.

IPC(8) - INV. - BO1J 19/08; HO5H 1/26; HO1J 37/32; HO1J 37/04 (2022.01)

CPC - INV.-B01J 19/088; HO5H 1/26; HO1J 37/32743; HO1J 37/32027, HO14 37/04 (2022.08)

ADD. - B0O1J 2219/0818; BO1J 2219/0898 (2022.08)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic database consulted during the international search (name of database and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2002/0151604 A1 (DETERING et al) 17 October 2002 (17.10.2002) entire document 1-3, 21-24, 45-48

Y US 3,705,006 A (KUGLER) 05 December 1972 (05.12.1972) entire document 1-3

Y US 2007/0267289 A1 (JABS et al) 22 November 2007 (22,11.2007) entire document 21-24, 45-48

I:I Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited dociunents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“D”  document cited by the applicant in the international application

“E" earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which
is cited to establish the publication date of another citation or other
special reason (as specified)

“0"  documentreferring to an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than
the priority date claimed

wpm

Wy

wyn

later document published afier the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

12 December 2022

Date of mailing of the international search report

JAN 18 2023

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

TFacsimile No. 571-273-8300

Authorized oﬂic.er

Taina Matos

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2022)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US2022/075194

Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. El Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. K{ Claims Nos.: 4-10, 14-18, 25-32, 37-39, 48-53, 58, 59 .
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Internationa! Searching Authority found multiple inventions in this international application, as follows:

See extra sheet(s).

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

1-3, 21-24, 4548

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation,

D No protest accompanied the payment of additional search fees.

Forin PCT/ISA/210 (continuation of first sheet (2)) (July 2022)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2022/075194

Continued from Box No. 1ll Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-3, 21-24, and 45-48 are drawn to methods for producing hydrogen and carbon from hydrocarbons in a reaction
chamber; and methods for producing syngas and carbon solid from liquid hydrocarbons.

Group |1, claims 11-13 and 17-20 are drawn to apparatuses for producing hydrogen and carbon solid from gaseous hydrocarbons, the
apparatus comprising a magnet external to the processing chamber configured to cause plasma generated by the DC plasma generator
to rotate.

Group lll, claims 33-36, 40-44, 54-57, and 60-64 are drawn to systems for producing syngas and carbon solid from liquid hydrocarbons,
the system comprising: a processing vessel having a first region for containing gas and a second region for containing liquid
hydrocarbons. ’
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DC plasma generator includes a cathode and anode within the processing chamber, are not present in Groups | and lll; and the special
technical features of Group I, systems for producing syngas and carbon solid from liquid hydrocarbons, the system comprising: a
processing vessel having a first region for containing gas and a second region for containing liquid hydrocarbons, are not present in
Groups I-II.

Additionally, even if Groups I-lll were considered to share the technical features of producing hydrogen and carbon from hydrocarbons,
comprising: introducing a hydrocarbon into a chamber; generating a direct current (DC)-based plasma; wherein the hydrocarbon is
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constituents of the hydrocarbon; a processing chamber having a gas input, a gas outlet, and a solid outlet; a direct current (DC) plasma
generator configured to generate a plasma within a plasma- processing zone of the processing chamber, wherein the DC plasma
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which extends toward its outlet end); generating a direct current (DC)-based plasma (paragraph [0092], directing a light hydrocarbon gas
inta a hot plasma torch operated at about 50 to 100 kWhr input power at about 300 Volts DC); wherein the hydrocarbon is heated to a
temperature greater than 1,000 °C at least in part by the DC-based plasma (paragraph [0048), the fast quench reactor and method of
operation described in this disclosure take advantage of the temperatures in the range from about 500 to about 20,000 °C. available in a
high temperature heating means such as a thermal plasma to produce materials that are thermodynamically stable at these high
temperatures. These materials include light hydrocarbons such as methane); converting the hydrocarbon into elemental constituents of
the hydrocarbon (paragraph [0092], for producing diatomic hydrogen and elemental carbon from a light hydrocarbon); a processing
chamber having a gas input, a gas outlet, and a solid outlet (paragraph (0022], the rapid heating step is accomplished by introducing a
stream of plasma arc gas to a plasma torch at the inlet end of the reaction chamber to produce a plasma within the reaction chamber
which extends toward its outlet end); a direct current (DC) plasma generator (paragraph [0092], directing a light hydrocarbon gas into a
hot plasma torch operated at about 50 to 100 kWhr input power at about 300 Volts DC) configured to generate a plasma within a
plasma- processing zone of the processing chamber (paragraph [0022], the rapid heating step is accomplished by introducing a stream
of plasma arc gas to a plasma torch at the inlet end of the reaction chamber to produce a plasma within the reaction chamber which
extends, i.e., a plasma-processing zone, toward its outlet end), wherein the DC plasma generator includes a cathode and anode within
the processing chamber (paragraph [0097], plasma torch... cathode... anode; paragraph [0022], the rapid heating step is accomplished
by introducing a stream of plasma arc gas to a plasma torch at the inlet end of the reaction chamber to produce a plasma within the
reaction chamber which extends toward its outlet end; paragraph [0092], directing a light hydrocarbon gas into a hot plasma torch
operated at about 50 to 100 kWhr input power at about 300 Volts DC).

The inventions listed in Groups I-IIl therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical feature.
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