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The present disclosure relates to a flue gas treatment system (e.g. a multi-pollutant flue gas treatment system) for removal of
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treating the cleaned gas, which Includes COZ2, with a Sabatier reaction to produce a hydrocarbon fuel (e.g. methane). The system
also Includes an electrolytic unit for electrolyzing HCI to produce hydrogen gas for the Sabatier reaction as well as chlorine gas,

which may then be recycled into the reactor.
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(57) Abstract: The present disclosure relates to a flue gas treatment system (e.g. a multi-pollutant flue gas treatment system) for
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cadmium, lead and/or selenium) from the flue gases of fossil-tueled utility and industrial plants by reacting the raw flue gas, firstly, with
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gas-phase oxidation reaction and recovering the resulting products as marketable products, and then, secondly, treating

the cleaned gas, which includes CO», with a Sabatier reaction to produce a hydrocarbon fuel (e.g. methane). The system also mcludes

an electrolytic unit for electrolyzing HCI to produce hydrogen gas for the Sabatier reaction as well as chlorine gas, which may then
be recycled into the reactor.
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REMOVAL OF GREENHOUSE GASES AND HEAVY METALS
FROM AN EMISSION STREAM

TECHNICAL FIELD:

[0001] The present disclosure relates to a system and a method for removing greenhouse

gases and other pollutants from emission stream.
BACKGROUND:

[0002] Flue gas generally refers to the exhaust gas produced by energy generating
apparatuses or systems such as, but not limited to, power plants, coal-fired facilities, gas
burning facilities, furnaces, boilers, and steam generators. While the ultimate composition of
flue gas depends on the nature of the products being combusted in the energy generating
apparatus or system, flue gas generally contains greenhouse gas compounds such as, but not
limited to, sulfur oxides, nitrogen oxides, carbon dioxide, carbon monoxide, and water vapour,
and other pollutants such as, but not limited to, hydrogen sulfide, heavy metals (e.g. mercury),

soot, dust, smoke, and hazardous trace elements.

[0003] According to a survey administered by the Energy Information Administration (the "EIA”)
of 1900 power facilities in the United States of America, the power production distributions

provided below were observed in 2015 [1]:

Table 1
Production Method Percentage of overall Power Generation
Coal-fired combustion About 35%
Gas-fired combustion About 27%
Nuclear About 21%
Hydro About 6%
Wind About 5%
Others including wood/wood waste, solar, Each about 1% or less
geothermal, bio-gas consumption, etc...
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[0004] On a global perspective, the International Energy Agency (the “|[EA”) recently estimated
that nearly a third of the world's currently operating coal plants, most of which are aging
subcritical plants, are slated to be retired over 2014-2040. Yet, the report also predicts that for
each coal plant retired, the world will add about two more coal plants that will feature advanced

Clean Coal technologies with carbon capture [2].

[0005] To address the growing concerns regarding greenhouse gas and heavy metal
emissions and the effects of such greenhouse gas emissions on climate change, many
jurisdictions around the world have begun implementing emission standards for their domestic
energy producers to meet. For example, the 1990 Clean Air Act Amendments In the United
States of America provide the legal guidance on the issue of air poliution control in the United
States. In an effort to meet, and in some cases even exceed, such legislated emission
standards, energy producers and researchers have focused at least some of their research
efforts on identifying systems, techniques, and methods for removing greenhouse gases and
other pollutants from emission streams (e.g. flue gas) before such polluting emissions are

released into the atmosphere.

[0006] Greenhouse gases are atmospheric gases that absorb and emit infrared radiation. SO
and NO, species are examples of greenhouse gases and are produced in large quantities from
the burning of fossil fuels; they are also major contributors to “acid rain”. Owing to their
identified detrimental effects on the environment, industry standards now mandate that
emission streams must be adequately removed of SOx and NOy species prior to release into

the environment (including the atmosphere).

[0007] Sulfur dioxide (an example of a SO« species) has traditionally been removed from flue

gas through conventional limestone scrubbers utilizing the following underlying chemistry:
1. SO, + CaCO3; - CaS0; + COs

Conventional limestone scrubbers such as, but not limited to, FGD scrubbers generally have
an SO, capture efficiency of about 90%. This efficiency may be improved to about 95% with
the aid of additives. The remaining about 5+% of SO- that is not captured by conventional
imestone scrubbers may be released into the atmosphere and may lead to the formation of
health hazardous particulate matter (e.g. condensable PM, PM2.5, PM10) downwind of the flue

gas emission. In 2008, the Environmental Protection Agency of the United States of America
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issued a report showing that 211 counties distributed across 25 states in the United States of
America failed to meet federal standards on fine-particle pollution [3]. Despite advances made
in SO, removal from emission streams, the residual amount of SO« species that is released into

the atmosphere still adversely impacts the environment.

[0008] In addition, the foregoing chemical reaction of sulfur dioxide and calcium carbonate
produces carbon dioxide gas (i.e. a primary greenhouse gas) as a by-product which may be
emitted into the atmosphere as a part of the flue gas emissions. For every ton of SO, captured
by a limestone scrubber, about a ton of CO; is created. Limestone scrubbers also require
large volumes of water to create a slurry to “scrub” SOy species from flue gas, and therefore
may operate at less than optimal efficiency in treatment plants situated in locations that

experience or are prone to drought or drought-like conditions.

[0009] In an effort to decrease SO« emissions, some energy producers have implemented
“fuel-switching” programs, wherein high-sulfur coal is substituted by (or switched with) low-
sulfur coal. However, such “fuel-switching” often requires changes to different parts of the
energy producing facility in order to accommodate the new fuel. Such changes may include,
but are not limited to, changes to boiler design and operating parameters or changes to coal
grinding and handling techniques and methods. In addition, because low-sulfur coal has a
lower BTU factor than high-sulfur coal, more low-sulfur coal would have to be consumed In
order to produce the same level of energy that would otherwise be consumed by consuming
high-sulfur coal. Such increased consumption of low-sulfur coal products increases the release
of carbon dioxide gas and other pollutants into the atmosphere. In a non-limiting and
illustrative example, a 500 MW coal-fired plant may have the following pollutant outputs (see

Table 2 below) when fuel in the form of high-sulfur coal or in the form of low-sulfur coal Is

consumed:
Table 2
High Sulfur Coal Low Sulfur Coal
SO- output about 302 tons/day about 61 tons/day
NOy output about 36 tons/day about 69 tons/day
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CO2 output about 10,850 tons/day about 21,250 tons/day

NO, products in flue gas have traditionally been removed by conventional technologies
including, but not limited to, boiler modifications and low-NOx burners. However, industrial
players are finding that conventional technologies do not have the ability to meet the
increasingly stringent regulatory requirements regarding NOx removal from flue gas. As such,
some industrial players are turning to other technologies. For example, selective catalytic
reduction (SCR) has been used to remove NOy products from flue gas at an efficiency of about
90%. However, SCR processes require high temperatures and the injection of a reagent (e.g.
ammonia) over a catalyst. Such a chemical environment may lead to undesirable events such

as, but not limited to, catalyst poisoning or ammonia slip.

[0010] Nitric oxide (NO) is an example of a NOx species. The reaction of NO in the gas phase
with chlorine gas, bromine gas, or oxygen gas have been previously examined, and reported
as being very slow, taking minutes to hours to equilibrate. On the other hand, oxidation of NO
to nitrogen dioxide may occur rapidly in the presence of the appropriate species. For example,

NO gas may be oxidized rapidly according to reactions 1, 2, and 3 below:
2. NO + O3 =2 NO; + O3;
3. NO + ClIO, = NO, + CIO; and
4 NO + HNOs - NOz + HNO:-.

Referring to reaction 2, NO has been shown to react completely with ozone in 0.6 seconds at
127°C [4]. Referring to reaction 3, and without being bound by theory, it is believed that the
high endothermicity and instability of CIO; leads to the ready transfer of an oxygen atom to a
molecule of NO. Referring to reaction 4, the reaction with HNO; has been used for NO

removal from flue gas using HNO3 vapour in the presence of chlorine gas, with 90% efficiency.

[0011] Heavy metal (e.g. mercury) removal from emission streams are conventionally done
through activated carbon filter units. However, the activated carbon filter unit is an additional
unit that would have to be incorporated into the flue gas treatment system and process design.
In addition, heavy metals may also be inadvertently trapped In conventional limestone

scrubbers, thereby contaminating the scrubbers and any downstream products (e.g. sludge or
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gypsum) derived therefrom. [t would be desirable to remove heavy metals like mercury within

the same processes that remove SO, and/or NO, species, and to capture heavy metals with

efficiency and low operating costs.

[0012] Examples of systems and methods for removing SOy species, NOy species, and heavy
metals (e.g. mercury) from emission streams that are known in the art include, but are not
limited to, examples provided in PCT App. No. PCT/CA1999/000403 and U.S. Pat. No.
4.619,608.

[0013] For example, mercury may be removed using a process that includes: scrubbing an
oxidized flue gas stream (e.g. oxidized with chlorine gas) with water, or a water solution, of pH
less than or equal to 7; and adding sufficient alkali metal halogen salt (e.g. alkali potassium
iodide and the like) to precipitate mercury compounds (e.g. as mercuric iodide and the like)

from the water or water solution of pH less than or equal to 7.

[0014] Four major gases contribute to the greenhouse effect in the troposphere:

Table 3
Greenhouse Gas Percentage Contribution
Water Vapour About 36-70% (depending on season)
Carbon dioxide gas About 9-26%
Methane gas About 4-9%
Ozone About 3-7%

[0015] Water vapour has been identified as the most abundant greenhouse gas in the
atmosphere, and yet is fairly poorly measured and understood [5]. Increases in atmospheric
temperatures lead to increases in water evaporated from ground storage locations Including,
but not limited to, rivers, lakes, oceans, reservoirs, and soil. Warmer air temperatures also
lead to higher absolute humidity (i.e. the warmer air has a greater capacity to “hold” more water
than cooler air), thereby increasing the water content in the atmosphere. As a greenhouse

gas, higher concentrations of water vapour means that more infrared energy radiating from the
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Earth is absorbed and trapped in the atmosphere, thus further warming the atmosphere. It is

desirable to remove water vapour from flue gas and to reuse or recycle the collected water

vapour for other applications.

[0016] Flue gas generally contains a high water content. For example, the water content In
flue gas generated from the combustion of high sulfur coal at a 500 MW coal-fired plant may be
about 264,500 Ib/hr, or about 8.8% by weight of the flue gas. By comparison, the water
content in flue gas generated from the combustion of low sulfur coal at a 500 MW coal-fired
plant may be about 1,106,390 Ib/hr, or about 10.3% by weight of the flue gas. It is desirable to

capture all or at least a portion of the water content in flue gas prior to emission.

[0017] Carbon dioxide is a greenhouse gas that is stable and does not burn or react readily
with other compounds. Though essential for maintaining life on Earth, carbon dioxide Is now
concentrated in the Earth’s atmosphere at unprecedented levels owing at least In part to
anthropogenic emission sources such as, but not limited to, transportation, industrialization,
fossil-fuel power production, deforestation, and plant destruction. Due to the growing concerns
about climate change, carbon dioxide emissions have come under greater scrutiny by

academic, industrial, and governmental players alike.

[0018] According to the EIA, in the United States alone, power generation is responsible for
over 40% of the country's total CO, emissions. in 2008, that percentage of total CO. emission

output amounted to about 2.5 billion metric tons. This number is continually growing [6].

[0019] Carbon dioxide gas may be converted into commercial products or removed from flue
gas. For example, absorption and stripping processes involving aqueous solvents such as
amines have been shown to remove carbon dioxide from emission streams such as, but not
limited to, flue gas (see for example U.S. Pat. No. 4,477,419, U.S. Pat. No. 4,152,217, and
U.S. Pat. No. 7,056,482). Carbon dioxide may also be removed by sodium and calcium based
processes (see for example, U.S. App. No. 14/516,284, U.S. Pub. No. 2015/0231562, U.S.
App. No. 14/491,015, U.S. Pub. No. 2013/0078159, and U.S. App. No. 14/383,320); however
such designs likely add to the overall operating costs of an energy producing facility, If adopted.
Carbon dioxide may also be converted to methane through hydrogenation (see for example,
U.S. App. No. 14/302,594, U.S. Pat. No. 9,353,323, U.S. Pat. No. 9,267,211, U.S. Pat. No.
9,133,076, U.S. Pat. No. 9,090,978, US. App. No. 14/748,686, U.S. Pat. No. 8,754,269, and
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U.S. App. No. 11/725,716). Carbon dioxide may also be removed from flue gas by burning an
electropositive metal in the presence of carbon dioxide to reduce the carbon dioxide to carbon
monoxide or elemental carbon (see for example U.S. Pat. No. 9,285,116). Carbon dioxide may
also be removed from flue gas by cooling the flue gas by direct contact with a quench liquid
(see for example U.S. App. No. 13/100,135). Mixed salt compositions may also be used as
carbon dioxide sorbents for carbon dioxide removal from flue gas (see for example U.S. App.
No. 14/415.283, U.S. App. No. 13/739,456, U.S. App. No. 13/869,405, and U.S. Pat. No.
9,101,876). Rare alkali earth metals may also be used for CO. capture processes such as
carbonation of absorption processes; however, such processes are generally complicated, rely
on chlor-alkali processes, and increase the operating costs of an energy producing facility.
Carbon dioxide may also be removed by reaction with a suitable alkaline earth metal halide
(e.g. MgCl, or CaCl;) or suitable alkaline earth metal hydroxide halide (e.g. Mg(OH)CI);
however such processes require the addition of silicate minerals (e.g. calcium silicate, iron
silicate, manganese silicate) as a separate step. The foregoing carbon dioxide conversion or
removal processes require a carbon dioxide reactant that consists essentially of carbon dioxide.
Pre-treatment of a carbon dioxide containing source (e.g. flue gas), and removing interfering

species (e.g. SOy, NOy) therefrom, would be required.

[0020] Carbon dioxide gas may be converted into methane gas by the Sabatier process. The
Sabatier process involves the hydrogenation of CO; in the presence of a catalyst (e.g. a nickel
catalyst, ruthenium, or alumina) to produce methane, water, and energy. The reaction can be

summarized as follows [7]:
5. 4H2 ©) + COZ (9) S CH4 Q) + ZHZO Q) + energy

The produced methane from the Sabatier reaction may then be used as a source of fuel In
downstream applications. The Sabatier reaction is recognized as a potential means of
removing and utilizing carbon dioxide emissions from fossil fuel combustion. However, in order
for the Sabatier process to be economically viable as an industrial method of removing and
utilizing carbon dioxide emissions from fossil fuel combustion, large amounts of hydrogen gas
would need to be produced and/or be available at relatively low cost. To date, the Sabatier
reaction has not seen widespread application in industrial settings owing to these

requirements/limitations.
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[0021] Conversion of carbon dioxide into a useful hydrocarbon fuel (e.g. methane) may be
desirable. Methane is important for electrical generation, and may be used as a fuel in gas
turbines or steam generators. Compared to other hydrocarbon fuels, methane produces less
carbon dioxide for each unit of heat released. For example, at about 891 kJ/mol, methane's
heat of combustion is lower than any other hydrocarbon but the ratio of the heat combustion
(891 kJd/mol) to the molecular mass (16.0 g/mol of which 12.0 g/mol is carbon) shows that
methane, being the simplest hydrocarbon, produces more heat per mass unit (55.7 kJ/mol)
than other complex hydrocarbons. Methane may be used in various chemical processes, or as
a fuel for homes and automobiles in the form of compressed natural gas which may be more

environmentally friendly than other fuel sources like gasoline/petrol and diesel.

[0022] Liquefied Natural Gas (LNG) is predominantly methane that has been converted to
liquid form for ease of storage or transport. The methane is condensed into a liquid at about
atmospheric pressure. LNG takes up about 1/600 the volume of natural gas in the gaseous
state. It is odorless, colorless, non-toxic and non-corrosive. LNG achieves a higher reduction in
volume than compressed natural gas (CNG). The energy density of LNG may be 2.4 times
greater than that of CNG or may be about 60% that of diesel fuel. LNG is generally cost
efficient to transport over long distances where pipelines do not exist. Specifically designed
cryogenic sea vessels (LNG carriers) or cryogenic road tankers may be used for LNG

transport.

[0023] No admission is necessarily intended, nor should it be construed, that any of the

preceding information constitutes prior art against the present invention.
SUMMARY:

[0024] Various embodiments of this disclosure relate to a system comprising: (&) a reactor
configured to receive a gas stream comprising NOx species and carbon dioxide gas, the
reactor further configured to oxidize the NOx species in the gas stream to produce hydrochloric
acid; (b) an electrolytic unit configured to receive the hydrochloric acid and configured to
electrolyse the hydrochloric acid to produce hydrogen gas; and (c) a carbon dioxide absorber
(e.g. a “Sabatier reactor’) configured to receive the gas stream from the reactor and the
hydrogen gas from the electrolytic unit, the hydrogen gas for hydrogenating the carbon dioxide

gas in the gas stream into a hydrocarbon fuel.



CA 03047845 2015-06-20

WO 2018/112653 PCT/CA2017/051580

[0025] The carbon dioxide gas may be converted to the hydrocarbon fuel by the Sabatier

reaction.

[0026] The Sabatier reaction may use a catalyst selected from the group consisting of a nickel

catalyst, a ruthenium catalyst, an alumina catalyst, and a copper catalyst.

[0027] Various embodiments of this disclosure relate to a system comprising: (a) a gas phase
reactor configured to receive a gas stream comprising NOy species, water vapour, and carbon
dioxide gas, the gas phase reactor further configured to oxidize the NO, species In the gas
stream to produce hydrochloric acid; (b) a NOx absorber configured to receive the gas stream
from the gas phase reactor, the NO, absorber further configured to oxidize the NOx species in
the gas stream, the NO, absorber further configured to collect the hydrochloric acid produced
from oxidizing the NOy species in the gas stream in the NOx absorber and oxidizing the NOj
species in the gas phase reactor; (c) an electrolytic unit configure to receive the hydrochloric
acid collected at the NOy absorber, and further configured to electrolyse the hydrochloric acid
to produce hydrogen gas; (d) a water vapour remover configured to receive the gas stream
from the NOx absorber, and further configured to remove the water vapour from the gas
stream; and (e) a carbon dioxide absorber configured to receive the gas stream from the water
vapour removal apparatus and the hydrogen gas from the electrolytic unit, the hydrogen gas for

hydrogenating the carbon dioxide gas in the gas stream into a hydrocarbon fuel.

[0028] Various embodiments of this disclosure relate to a method of treating a gas stream
comprising NOx species, water vapour, and carbon dioxide gas, the method comprising: (a)
generating hydroxyl radicals and chlorine radicals; (b) oxidizing the NO, species In the gas
stream with the hydroxyl radicals and chlorine radicals to produce nitric acid and hydrochloric
acid; (¢) removing the water vapour from the gas stream; (d) reacting the carbon dioxide gas
with hydrogen gas produced from electrolyzing the water vapour removed from the gas stream,

the hydrochloric acid, or both, to produce a hydrocarbon fuel.

[0029] Various embodiments of this disclosure relate to a system comprising: (a) a gas phase
oxidation (GPO) reactor configured to receive a flue gas stream comprising NOX species and
carbon dioxide gas, the GPO reactor further configured to receive chlorine gas, liquid or
solution, and to oxidize the NOx species in the flue gas stream to produce a gas stream

comprising nitric acid and hydrochloric acid; (b) an electrolytic unit configured to receive the
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hydrochloric acid and configured to electrolyse the hydrochloric acid to produce hydrogen gas
and chiorine gas; and (c) a Sabatier reactor configured to receive both a gas stream,
downstream from the GPQO reactor, and at least a portion of the hydrogen gas from the
electrolytic unit, the Sabatier reactor further configured to hydrogenate the carbon dioxide gas

in the gas stream into a hydrocarbon fuel comprising methane.

[0030] Various embodiments of this disclosure relate to a method of producing a hydrocarbon
fuel, comprising methane, from a flue gas stream comprising NOXx species, water vapour, and
carbon dioxide gas, the method comprising: (a) generating hydroxyl radicals and chlorine
radicals; (b) oxidizing the NOx species in the gas stream with the hydroxyl radicals and chlorine
radicals to produce a gas stream comprising nitric acid and hydrochloric acid, water vapour and
carbon dioxide gas; (c) removing the water vapour from the gas stream to produce a
dehydrated gas stream; (d) producing hydrogen gas from one or both of: (di) electrolyzing the
water vapour removed from the gas stream in (¢); and (dii) electrolyzing the hydrochloric acid
produced in (b); (e) using a Sabatier reaction to hydrogenate the carbon dioxide gas in the
dehydrated gas stream from (c) with the hydrogen gas produced in (d) to produce the

hydrocarbon fuel.

[0031] According to another aspect of the disclosure, there is a use of the Sabatier reaction for
converting carbon dioxide gas into a hydrocarbon fuel in an industrial-size flue gas treatment

system.

[0032] This summary does not necessarily describe the entire scope of all aspects of the
disclosure. Other aspects, features and advantages will be apparent to those of ordinary skill

in the art upon review of the following description of specific embodiments.
BRIEF DESCRIPTION OF THE DRAWINGS:
[0033] In the accompanying drawings, which illustrate one or more exemplary embodiments:

[0034] FIGURE 1 is a flue gas treatment system for use in a coal-firing facility according to an
embodiment, the treatment system comprising a gas phase reactor, a SOy absorber, a NO,

absorber, a water vapour remover, and a carbon dioxide absorber.

[0035] FIGURE 2 is a schematic of a flue gas treatment system for use in a gas-burning facility

10
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according to another embodiment, the treatment system comprising a gas phase reactor, a

NQO, absorber, a water vapour remover, and a carbon dioxide absorber.
DETAILED DESCRIPTION:

[0036] Directional terms such as “top”, “bottom”, “upwards”, “downwards”, “vertically”, and
‘laterally” are used in the following description for the purpose of providing relative reference
only, and are not intended to suggest any limitations on how any article is to be positioned

during use, or to be mounted in an assembly or relative to an environment.

[0037] Any element expressed in the singular form also encompasses its plural form. Any
element expressed in the plural form also encompasses its singular form. The use of the word

a” or “an” when used herein in conjunction with the term “comprising” may mean “one’, but it Is

also consistent with the meaning of “one or more”, “at least one”, and “one or more than one”.

[0038] As used herein, the terms “comprising”, “having”, “including”, and “containing”, and
grammatical variations thereof, are inclusive or open-ended and do not exclude additional, un-
recited elements and/or method steps. The term “consisting essentially of” when used herein
in connection with a composition, use or method, denotes that additional elements, methoa
steps or both additional elements and method steps may be present, but that these additions
do not materially affect the manner in which the recited composition, method or use functions.
The term “consisting of’ when used herein in connection with a composition, use or method,

excludes the presence of additional elements and/or method steps.

[0039] As used herein, the term “about” when followed by a recited value means plus or minus

10% of the recited value.

[0040] The present disclosure relates to a system and a method for removing greenhouse
gases and other pollutants from an emission stream (e.g. flue gas). Greenhouse gases and
other pollutants may include, without limitation, one or more of: SOy (e.g. SO2), NOx (e.g. NO,
NO,), H.S, water vapour, carbon dioxide, heavy metals (e.g. mercury), soot, smoke, dust, and

trace elements.

[0041] The present disclosure also relates to systems and methods for removing water vapour

and carbon dioxide gas from the emission stream (e.qg. flue gas), and for converting the carbon
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dioxide gas into a hydrocarbon fuel via the Sabatier process. It is contemplated that the
system may be able to internally produce a large enough volume of hydrogen gas to drive the
Sabatier process and remove carbon dioxide gas from the emission stream. It Is also
contemplated that the Sabatier process may be incorporated into an industrial scale setting and

be economically competitive against conventional emission stream treatment methods.

[0042] Emission streams may be pre-cleaned through an electrostatic precipitator (an "ESP”),
as known in the art, to remove fine particles such as, but not limited to, dust, soot, smoke, and
trace elements. Trace elements include, but are not limited to, antimony, arsenic, cadmium,
chromium, nickel, selenium, and zirconium, all of which have been identified as elements that
have detrimental impacts on the environment and human health. However, even if the ESP
operates at about 99% efficiency, a portion of these trace elements pass through the ESP.
The remaining trace elements are captured in sulfuric acid produced by the oxidation of SOy

species (described below) where they may be removed by ion exchange.

[0043] NO, species in the emission stream may be oxidized to produce hydrochioric acid and
nitric acid. The produced nitric acid may be sold as is, and the produced hydrochloric acid may
be electrolyzed to produce hydrogen gas and chlorine gas. The hydrogen gas may be used to
hydrogenate the carbon dioxide gas present in the flue gas to a hydrocarbon fuel. The chlorine
gas may be used to generate chlorine radicals required in the oxidation of SO, species, NOx

species, and heavy metals (e.g. mercury) present in the emissions stream.

[0044] Water vapour in the emission stream may be removed from the emission stream and
electrolyzed to form hydrogen gas and oxygen gas. The hydrogen gas may be used to
hydrogenate the carbon dioxide gas present in the emission stream to a hydrocarbon fuel. The

oxygen gas may be directed to a furnace of the system to aid in combustion or sold.

[0045] The hydrocarbon fuel produced from the hydrogenation of carbon dioxide via, for
example, the Sabatier process may be condensed further to reduce gas volumes and to aid In
storage and transport. In some instances, produced hydrocarbon fuel may be condensed up to
about 600%.

[0046] Thus, various embodiments of the present disclosure relate to a system, e.g. a flue gas
treatment system configured for use with a coal-firing facility or a gas-burning facility. The

system includes, at a minimum: (a) a gas phase oxidation (GPO) reactor (referred elsewhere
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herein as a “gas phase reactor”), (b) an electrolytic unit, and (c) a Sabatier reactor (also
referred to herein as a “carbon dioxide absorber”). The flue gas may be from a coal-firing plant
or a gas-burning plant, or from any other flue gas source. In some embodiments, the flue gas
will have been pre-cleaned as described above (e.g. through an ESP). The flue gas comprises
NO, species (e.g. NO, NO,), and carbon dioxide gas and may further comprise one or more of:
water vapour, SO, species (e.g. SO2), mercury and/or heavy metal trace elements. In some
embodiments, the flue gas comprises SOx species, NOyx species, water vapour, mercury,

carbon dioxide gas and may further comprise heavy metal trace elements.

[0047] In some embodiments, the system further includes water vapour remover. In some
embodiments, the system further includes a NOy absorber. In some embodiments, the system
further includes a SOx absorber. In some embodiments, the system includes: a GPO reactor, a
SOx absorber, a NOy absorber, an electrolytic unit, a water vapour remover and a Sabatier
reactor. Primary products of these systems are nitric acid and methane, the latter of which may
be used on site, stored compressed or converted to liquefied natural gas (LNG). For any of the
above embodiments, the system may thus further comprise a compressor for compressing the
methane or a condenser for condensing the methane into LNG. Depending on the components
of the flue gas, other products of these systems may include suifuric acid and/or mercury. HC
and H.(g) are also produced, and in certain embodiments may be recycled into the system. O-

(g) may also be produced, and in certain embodiments may be recycled into the system.

[0048] The GPO reactor is configured to receive a flue gas stream, and is further configured
for oxidation of the NOy species in the flue gas. In some embodiments, for example, the GPO
reactor is configured to further receive chlorine (as gas, a liquid or in solution), which oxidizes
the NOx species in the flue gas to produce a gas stream (i.e. a product gas stream) which

comprises, among other things, nitric acid and hydrochloric acid.

[0049] In some embodiments, the chlorine is a chlorine gas and the GPO reactor is configured
to receive a chlorine gas stream. In such embodiments, chiorine gas and flue gas may be: (i)
delivered into the GPO reactor operating at pre-set reaction conditions; and (ii) mixed in the
GPO reactor. The GPQO reactor may be a reactor that is known in the art, such as a
commercially available gas phase reactor that can adequately mix the gases. Appropriate
reaction conditions are also known in the art (see for example U.S. Pat. No. 4,619,608). For

example, the GPO reactor may be set at a temperature between about 100°C and about
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650°C. For example, the temperature of the GPO reactor may be set at about 100°C, 125°C,
150°C, 175°C, 200°C, 225°C, 250°C, 275°C, 300°C, 325°C, 350°C, 375°C, 400°C, 425°C,
450°C, 475°C, 500°C, 525°C, 550°C, 575°C, 600°C, 625°C, 650°C, or any temperature

therebetween.

[0050] At elevated temperatures in the GPO reactor, it is believed that chlorine gas reacts with
water vapour in the flue gas to generate chlorine radicals and hydroxyl radicals. The NO
species or a portion thereof present in the flue gas is oxidized in the GPO reactor in the
presence of the generated chlorine radicals and the generated hydroxyl radicals. Using nitric
oxide (NO) as an non-limiting example of a NOy species, and without wishing to be bound by
theory, it is believed that nitric oxide (NO) in flue gas is oxidized to nitric acid (HNO3z) and

hydrochloric acid in the GPO reactor according to the following chemical reactions:
6. NO + «OH = HNOg;
7. NO + «Cl| =2 NOCI;
8. NOCI + H2O = HNO: + HCI;
9. HNO2 + «Cl = NO2 + HCI;
10. NO2 + +OH = HNO;3;
1. NO, + «Cl = NOCI,
12. NO,CI + H20 - HNO3 + HCI.

[0051] Without being bound by theory, it is also believed that the oxidized forms of polluting
species are more readily removable from flue gas than the non-oxidized forms thereof. In
addition, it is believed that the predominant final products of NOy removal are nitric acid and
hydrochloric acid. The gas stream exiting the GPO reactor (i.e. the product gas stream) thus
comprises dissolved nitric acid and hydrochloric acid and other pollutants (e.g. CO2 (g), and in
some cases one or more of water vapour, sulfuric acid, HgClz, trace heavy metals, and may
further include remaining non-oxidized NO, species, SO, species, and/or non-chlorinated

mercury.
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[0052] The product gas stream may be substantially free of NOx species or may benefit from
further oxidation to yield a product gas stream that is substantially free of NOy species. When
present in the flue gas, SOx species will also be oxidized in the GPO reactor, forming sulfuric
acid. In such case, the product gas stream may be substantially free of SOx species or may
benefit from further oxidation to yield a product gas stream that is substantially free of SO,

species.

[0053] For example, in some embodiments (e.g. when the flue gas comprises SOy species),
the system may further comprise a SOy absorber configured to receive the product gas stream
from the GPO reactor or a further processed gas stream, downstream from the GPO reactor.
Such systems may further include a NOy absorber. For example, the SO, absorber may be
positioned in series between the NOyx absorber and the GPQO reactor. In some embodiments,
the system further includes a SO absorber and does not include a NO, absorber. For example,
the SO, absorber may be positioned in series between the GPO reactor and the Sabatier

reactor, or between the GPO reactor and a water vapour remover.

[0054] In embodiments that further comprise a SOy absorber, SOy absorber may be configured
to receive the product gas stream from the GPO reactor or a further processed gas stream,
downstream from GPO reactor, and may be further configured to collect from the gas stream

the oxidized SOy species converted in the GPO reactor.

[0055] The SOy absorber may be any suitable absorber that is known in the art. For example,
the SO, absorber may be one that is substantially similar to the one described in U.S. Pat. No.
4 619,608 both in design and reaction conditions. The SO absorber may achieve SO capture
rates of above 99% without producing CO: as a by-product. Where CO, capture and storage
by sequestration is desired, SOy limits of 10 ppm or below may be required. Conventional

limestone scrubbers may not remove SO- from flue gas with the same efficiency.

[0056] The SO« absorber may be arranged horizontally or vertically, depending on spatial
restrictions or requirements of the system. The SOy absorber may also comprise packed
towers or cross-flow vessels that condense and collect one or more resulting acid streams, e.g.
one or more of sulfuric acid, nitric acid, hydrochloric acid, and/or other acid streams, and may
further collect as mercury products and/or trace heavy metal products. The SOy absorber may

be a single integrated absorber or consist of a plurality of non-integrated components. The SOy
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absorber may be a single SO« absorber unit, or may comprise a plurality of SOx absorber units.

[0057] In addition to oxidizing NO, species, the conditions in the GPO reactor also oxidize SOXx
species. In the SOy absorber, additional solution chemistry may occur to aid in oxidation and/or
collection and to build up the strengths of the acids. For example, but without limitation, water
may circulated in the SO« absorber or steam may be sprayed into the SO, absorber. This
oxidation process converts SOy species to sulfuric acid so as to convert the remaining SOy
species to sulfuric acid. In the presence of steam, SO« generally reacts in preferential order
over NO,. Using sulfur dioxide (SO) as a non-limiting example of a SOy species, and without
wishing to be bound by theory, it is believed that the sulfur dioxide is oxidized to sulfuric acid

(H2S0O4) in the SOy absorber according to the following chemical reaction:
13. SO, + Cly + 2H,O = H.SO4 + 2HC

SO, removal rates of about 99% may be achieved at Cl; levels as low as 1.0 Clo/SO2 molar
ratio. An equilibrium concentration of about 70% or higher H>SO4 to H2O may also be
achieved. The collected mixture of H2SO4/H20 may be further treated by a process to remove
H,O, thereby concentrating the remaining sulfuric acid to a purity of up to about 93-96%
(commercial grade). The purified H.SO4 may then be collected and shipped to industry for
sale. Accordingly, in certain embodiments, the system may further comprise means for

removing water from the mixture of H.SO4/H-0.

[0058] In some embodiments (e.g. when the flue gas further comprises mercury), the SO
absorber may be further configured to remove the mercury. For example, but without limitation,
the HgCl, produced by halogenation reaction in the GPO reactor, and/or produced in the SO,
absorber itself, may be captured in the condensed sulfuric acid that is collected by the SO
absorber. The SO, absorber may be further configured to convert metallic mercury remaining In
the gas stream to HgCl> and to collect the produced HQCl,. Mercuric halides (e.g. mercuric
chloride) in the sulfuric acid (wherever produced) may be separated out using various methods,
e.g. but not limited to, any described in PCT/CA1999/000403. In one non-limiting example, an
alkali metal halogen (e.g. potassium iodide) salt is added to precipitate mercuric iodide (see
PCT/CA1999/000403). In other embodiments, the system may not be configured for heavy
metal removal. Yet in other embodiments, mercury recovery from the collected sulfuric aclid

may occur at an off-site location.
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[0059] In some embodiments (e.g. when the flue gas further comprises at least one heavy
metal trace element), the SO, absorber or the system may be further configured to remove the
at least one heavy metal trace element (e.g. one or more of antimony, arsenic, cadmium,
chromium, nickel, selenium, and zirconium). For example, but without limitation, the trace
elements may be captured in the sulfuric acid produced from oxidizing the SO« species and
condensed in the SO, absorber. In some embodiments, the system further comprises means
for removing the trace elements from the sulfuric acid by ion exchange. In other embodiments,
trace element removal may not occur. Yet in other embodiments, trace element removal may

occur at an off-site location.

[0060] As discussed, in some embodiments the system may further comprise a NOy absorber
configured to receive the product gas stream from the GPO reactor or a further processed gas
stream, downstream from the GPO reactor (e.qg. a gas stream exiting a SOx absorber). As
discussed, such systems may further include a SO absorber. For example, the NOy absorber
may be positioned in series between the SO« absorber and the Sabatier reactor, or between
the SO, absorber and a water vapour remover. In some embodiments, the system further
includes a NO, absorber and does not include a SO, absorber. For example, the NO, absorber
may be positioned in series between the GPO reactor and the Sabatier reactor, or between the

GPO reactor and a water vapour remover.

[0061] The NOy absorber is further configured to collect oxidized NO, species converted in the
GPO reactor. The NOy absorber may be any absorber that is known in the art to be suitable for
this purpose. For example, the NOx absorber may be one that is substantially similar to the
one described in U.S. Pat. No. 4,619,608 both in design and reaction conditions. NOx removal
efficiency of about 98% may be achieved by the combination of a GPO reactor and a NOx
absorber. When no ammonia is used in a NOy absorber, there is no ammonia slip. The NOx
absorber may be arranged horizontally or vertically, depending on spatial restrictions or
requirements of the system. The NOx absorber may also comprise packed towers or cross-
flow vessels that condense and collect nitric acid, hydrochloric acid, as well as heavy metal
products (e.g. HgClL). In some embodiments, the NOy absorber is a plurality of NOy absorber

units. In some embodiments, the NO, absorber may be a single NOy absorber unit.

[0062] In some embodiments, the NOx absorber may be further configured to further oxidize

NOy species that may remain in the product gas stream (e.g. from the GPO reactor) or in the
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further treated gas stream (e.g. from the SOy reactor), so as to convert the remaining NOx
species to nitric acid and hydrochloric acid. For example, the gas stream entering the NO,
absorber may be sprayed with steam to further oxidize the NOy species. The gas stream may
be sprayed with steam at a non-zero angle (e.g. orthogonally). The gas stream may be sprayed
with steam at a suitable spraying pressure. Without being bound by theory, it is believed that
the following reactions are involved in the removal of NOx species from gas stream in the NOx

absorber:
14. Cl; + H,O - HOCI + HCI
15. NOCI + H.O - HNO:2 + HCI
10. NOCI + HOCI + H,O - HNO3 + 2HCI
17. NO-Cl + H,O = HNO2 + HOCI
18. 2NOz + H20 = HNO: + HNOs3
19. HNO2 + HOCI - HNQO3; + HCI
20. 2NO + H,0O + HNO3; = 3HNO:>

It is thus believed that the predominant final products of NOx removal are nitric acid and

hydrochloric acid.

[0063] The NOy absorber may collect nitric acid having a purity of up to about 99% that may be
directed to further processing and/or storage in preparation for commercial shipment and/or

sale.

[0064] In certain embodiments, the NO, absorber is configured to remove mercury and/or
heavy metal trace elements, using equipment and process(es) known in the art, e.g. but not
limited to those described in PCT/CA1999/000403 or described elsewhere herein.

[0065] In some embodiments, the NOx absorber may be configured to collect the hydrochloric
acid and to direct at least a portion of the hydrochloric acid from the NO, absorber to the
electrolytic unit. At the electrolytic unit, the HCI undergoes electrolysis to produce hydrogen gas

and chlorine gas. Methods of electrolysing hydrochloric acid are known In the art, and any

18



CA 03047845 2015-06-20

WO 2018/112653 PCT/CA2017/051580

suitable commercially available electrolytic unit may be used. In a non-limiting example, the
electrolytic unit comprises high temperature electrolysis cells. The electrolytic unit is thus
configured to receive the hydrochloric acid (e.g. from the NOy absorber, or a portion of which Is
from the NOy absorber) and is further configured to electrolyse the hydrochloric acid to produce
both hydrogen gas and chlorine gas. In alternative embodiments, the system may be
configured to direct HCI separated from the condensed products of the SO, absorber to the

electrolytic unit.

[0066] The hydrogen gas produced from the electrolysis of HCI at the electrolytic unit may be
re-used in the system or elsewhere in the plant, or potentially stored, e.g. for sale/transport. In
a non-limiting example, the produced hydrogen gas or a portion thereof is re-directed to the
Sabatier reactor for use in converting carbon dioxide gas into a hydrocarbon fuel. The chlorine
gas produced from the electrolysis of HCI at electrolytic unit (or a portion thereof) may be re-
used in the system or elsewhere in the plant, or potentially stored, e.g. for sale/transport. In a
non-limiting example, the system is further configured to direct the chlorine gas produced in the

electrolytic unit to supply all or a portion of the chlorine gas stream for GPO reactor.

[0067] In some embodiments, the system may be configured such that the product gas stream
leaving the GPO reactor is fed directly to the Sabatier reactor. In other embodiments, additional
components (e.g. SOy absorber(s), NOx absorber(s) and/or water vapour remover(s)) to treat
the product gas stream are included in series between the GPO reactor and the Sabatier

reactor to treat (further process or clean) the gas stream for a more efficient Sabatier reaction.

[0068] For example, in some embodiments (e.g. when the flue gas further comprises water
vapour), the system further comprises a water vapour remover configured to remove the water
vapour from the gas stream before reaching the Sabatier reactor. The water vapour remover
may be positioned in series in the system between the NO, absorber and the Sabatier reactor.
The water vapour remover may be positioned in series between the SO, absorber and the
Sabatier reactor. The water vapour remover may be positioned in series between the GPO
reactor and the Sabatier reaction, e.g. immediately prior to receiving the treated gas stream at
Sabatier reactor. The water vapour remover may be configured in parallel to the electrolytic

unit.

[0069] Any suitable water vapour remover may be used, as is well known in the art. In a non-
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limiting example, thermal energy generated from the system itself (e.g. heat from excess
steam, or heat added specifically for the step of water vapour removal is used to heat the gas
stream to evaporate any H.O content remaining therein, the evaporated H>O content being
collectable downstream. In another non-limiting example, water vapour is removed from the
gas stream by heat exchangers and the removed water vapour may be collected as steam.
Without such treatment or removal step, the water vapour generally would otherwise be vented
into the atmosphere. The system may be configured to use the collected steam or to condense
the steam to liquid water (e.g. by cooling). Accordingly, in certain embodiments, the system
may be further configured to recycle the collected water content (steam or liquid water) back
into the system. For example, but without limitation, the system may be configured to: (i) return
the H.O content to a steam cycle of the system; (ii) re-use the H.O content recovered from the
gas stream as process water in the SOy absorber (if present), the NO, absorber (if present), or
both the SO, absorber and the NOy absorber; (iii) use the H2O content recovered from the gas
stream to aid in the electrolysis of HCI in the electrolytic unit; and/or (iv) use the H20O content
recovered from the gas stream as a heat source to increase the temperature of the electrolytic
reaction of HCI in the electrolytic unit, thereby improving the efficiency of electrolysis. Such
recycling of evaporated H>.O content from flue gas may be desired, particularly for flue gas
treatment systems that are situated in locations that experience or are prone to drought or
drought-like conditions. It is estimated that, for a 500 MW plant, up to about 750,000 Ibs/hr of
H.O content that would otherwise be vented into the atmosphere as steam may be recovered

and re-used within the system herein.

[0070] In some embodiments, the system is configured to direct the H.O content collected In
the water vapour remover (or a portion thereof) to a separate water electrolytic unit configure to
convert the water to hydrogen gas and oxygen gas. In these embodiments, the system may be
configured to direct the hydrogen gas generated from the electrolysis of the collected H20
content (or a portion thereof) to the Sabatier reactor. The system may be further configured to
use the oxygen gas generated from the electrolysis as a fuel source within the system or
elsewhere in the plant. In other embodiments, the collected water content removed from the

gas stream in the water vapour remover does not undergo further hydrolysis.

[0071] The water vapour remover is configured to direct the resulting dehydrated gas stream

(comprising CO- gas or consisting essentially of CO, gas) to the Sabatier reactor.
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[0072] The Sabatier reactor is configured to receive a gas stream (l.e. the product gas stream
of the GPQ reactor or a further treated gas stream downstream from the GPQO reactor) and is
further configured to receive a hydrogen gas stream (e.g. from one or more electrolytic units
electrolyzing HCI and/or water). For example, the Sabatier reactor may be configured to
receive a gas stream from the SOy absorber, the NO, absorber or the water vapour remover. In
certain embodiments, the Sabatier reactor is configured to receive a gas stream from the water

vapour remover.

[0073] The Sabatier process is catalyzed in the Sabatier reactor by an appropriate catalyst
such as, but not limited to, a nickel catalyst, ruthenium, alumina, or a copper catalyst. In
certain embodiments, the catalyst is a copper catalyst. In certain embodiments, the Sabatier
reactor is configured for the Sabatier reaction to occur at atmospheric pressure. In some
embodiments, the molar feed ratio of H2:CO- is greater than or equal to about 3.5:1, and the
Sabatier process may be carried out at a temperature between about 400°F and about 700°F.
In other embodiments, other suitable reaction parameters may be used. Any suitable Sabatier

reactor and conditions may be used.

[0074] In the Sabatier reactor, the Sabatier reaction hydrogenates the carbon dioxide gas In
the product gas stream into a hydrocarbon fuel. In some embodiments, the hydrocarbon fuel
comprises methane. In some embodiments, the hydrocarbon fuel consists essentially of

methane.

[0075] In some embodiments, the system may be further configured to direct the methane (or
a portion thereof) to a boiler or combustion chamber configured to combust the methane to
generate heat or power. For example, the methane (or a portion thereof) may be blended and
co-fired with coal at the plant, or may be used as a fuel to power a separate turbine. In some
embodiments, the system may further comprise a compressor or condenser configured to
condense liquefied natural gas from the methane (or a portion thereof). In some embodiments,
the system may further comprise a compressor configured to condense the volume of the

hydrocarbon fuel, e.g. for transport from the plant.

[0076] In other non-limiting examples, the system may be further configured to convert the
methane (or a portion thereof) to other products such as, but not limited to, a methyl halide. In

a non-limiting example, methane (or a portion thereof) may be converted to chloromethane
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through the following reaction, as known in the art:
21, CH4 + Cl; = CH3Cl + HCI

[0077] The resulting methyl chloride may be further processed into other organic polyhalides,
such as dichloro-methane. The resulting methyl chloride may also be converted to other
products like methyl alcohols, ethyl alcohols, ethers, aldehydes, ketones, organic acids, esters,

amines, and fats and soaps.

[0078] In various embodiments, the system may comprise: (a) a GPO reactor configured to
receive a gas stream comprising SOx species, NOy species, water vapour, heavy metals, and
carbon dioxide gas, the GPO reactor further configured to oxidize the SOy species and NO,
species; (b) a SOy absorber configured to receive the gas stream from the GPO reactor, the
SO, absorber further configured to further oxidize and collect the SO, species as H>S0y4; (C) a
NO, absorber configured to receive the gas stream from the SOy absorber, the NOy absorber
further configured to further oxidize the NOx species in the gas stream, the NO, absorber
further configured to collect hydrochloric acid produced from oxidizing the NO, species; (d) an
electrolytic unit configured to receive the hydrochloric acid collected at the NO, absorber, and
further configured to electrolyse the hydrochloric acid to produce hydrogen gas; (e) a water
vapour remover configured to receive the gas stream from the NO, absorber, and further
configured to remove water vapour from the gas stream; and (f) a Sabatier reactor configured
to receive the gas stream from the water vapour remover and the hydrogen gas from the
electrolytic unit, the hydrogen gas for hydrogenating the carbon dioxide gas In the gas stream

into a hydrocarbon fuel comprising methane.

[0079] The present disclosure also relates to a method of producing a hydrocarbon fuel from a
flue gas stream comprising NOx species, water vapour, and carbon dioxide gas. Without
limitation, the flue gas may be from a coal-firing facility or a gas-burning facility. As such, the
flue gas may further comprise SOy species, mercury, and/or heavy metal trace elements. In
some embodiments, the flue gas will have been pre-cleaned as described above (e.g. through
an ESP). In some embodiments, the hydrocarbon fuel comprises methane. In some

embodiments, the hydrocarbon fuel consists essentially of methane.

[0080] The method comprises: (a) generating hydroxyl radicals and chlorine radicals; (b)

oxidizing the NOy species in the gas stream with the hydroxyl radicals and chlorine radicals to
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produce a gas stream comprising nitric acid and hydrochloric acid, water vapour and carbon
dioxide gas; (c) removing the water vapour from the gas stream to produce a dehydrated gas
stream; (d) producing hydrogen gas from one or both of: (di) electrolyzing the water vapour
removed from the gas stream in step (¢) to produce hydrogen gas and oxygen gas; and (dii)
electrolyzing the hydrochloric acid produced in step (b) to produce hydrogen gas and chlorine
gas; (e) using a Sabatier reaction to hydrogenate the carbon dioxide gas in the dehydrated gas

stream from (c) with the hydrogen gas produced in step (d) to produce the hydrocarbon fuel.

[0081] In embodiments where the flue gas stream further comprises SOy species, the method
may further comprise step (bi) oxidizing the SO, species (e.g. using the hydroxyl radicals and
and/or chlorine radicals from step (a), and/or by using steam or water) to produce sulfuric acid,
and removing the sulfuric acid from the gas stream (e.g. using a SO, absorber as described for
the system above) to produce a gas stream that is substantially free of SOx species. In
embodiments where the flue gas stream further comprises heavy metal trace elements (e.g.
but not limited to, one or more selected from a group consisting of antimony, arsenic, cadmium,
chromium, nickel, selenium, zirconium, and/or any combination thereof), the method further
may further comprise removing the trace elements from the gas stream by capturing the trace
elements in the sulfuric acid (as described for the system above). In certain embodiments, but
without limitation, the trace elements may be removed from the sulfuric acid by ion exchange.
In embodiments where the flue gas stream further comprises mercury, the method may further
comprise removing the mercury from the gas stream (as described for the system above). In
certain embodiments, removing the mercury comprises converting the mercury to HgCl, and
capturing the HgCl: in sulfuric acid (e.g. collected in a SOy absorber). The method may further
comprise recovering the mercury from the sulfuric acid (as described for the system above).
For example, but without limitation, the mercury may be removed from the sulfuric acid by
precipitating out mercury by adding an alkali metal halogen (e.g. potassium iodide to precipitate
out mercuric iodide (see PCT/CA1999/000403).

[0082] In certain embodiments, the method may further comprise step (bii) further oxidizing the
NOy species with steam or water to produce hydrochloric acid and a gas stream that is
substantially free of NOx species (€.g. by passing the gas stream through a NOx absorber as
described above). In certain embodiments of the method that comprise step (dii), I.e.

electrolyzing the hydrochloric acid produced from step (a) and/or step (bii) to produce hydrogen
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gas and chlorine gas, the method may further comprise using the chlorine gas from step (dii) to
generate at least some of the chlorine radicals in step (a). In certain embodiments of the
method that comprise step (di), i.e. electrolyzing the water vapour, the method further
comprises directing the oxygen gas from step (di) to aid in combustion of a fuel to generate

heat or power.

[0083] In certain embodiments of the method, the Sabatier reaction is catalysed by a catalyst
selected from the group consisting of a nickel catalyst, a ruthenium catalyst, an alumina

catalyst, and a copper catalyst. In certain embodiments, the catalyst is a copper catalyst.

[0084] In certain embodiments, the method further comprises compressing the methane (or
the hydrocarbon fuel) to reduce the volume of the methane (or the hydrocarbon fuel). In certain
embodiments, the method further comprises condensing the methane to produce liquefied
natural gas. In certain embodiments, the method further comprises combusting the methane
(or the hydrocarbon fuel) to generate heat or power. In certain embodiments, the method
further comprises blending and co-firing the methane with a fuel (e.g. a fossil or hydrocarbon

fuel, such as coal, gas, or any other fuel).

[0085] The present disclosure also relates to use of a Sabatier reaction for converting carbon
dioxide gas into a hydrocarbon fuel in an industrial-size flue gas treatment system. In certain
embodiments, but without limitation, the hydrocarbon fuel is methane. In certain embodiments,
the hydrocarbon fuel is compressed to reduce its volume (e.g. to facilitate storage or transport).
In certain embodiments, the hydrocarbon fuel is condensed to produce liquefied natural gas. In

certain embodiments, the hydrocarbon fuel is blended and co-fired with coal.

[0086] The present disclosure also relates, without limitation, to the following enumerated

embodiments:

[0087] Embodiment(s) 1: A system comprising: (a) a reactor configured to receive a gas
stream comprising NOx species and carbon dioxide gas, the reactor further configured to
oxidize the NOx species in the gas stream to produce hydrochloric acid; (b) an electrolytic unit
configured to receive the hydrochloric acid and configured to electrolyse the hydrochloric acid
to produce hydrogen gas; and (¢) a carbon dioxide absorber configured to receive the gas
stream from the reactor and the hydrogen gas from the electrolytic unit, the hydrogen gas for

hydrogenating the carbon dioxide gas in the gas stream into a hydrocarbon fuel.
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[0088] Embodiment(s) 2: The system according to embodiment(s) 1, wherein the reactor Is a

gas phase reactor.

[0089] Embodiment(s) 3: The system according to embodiment(s) 1 or 2, wherein the reactor

Is further configured to receive a chlorine gas stream.

[0090] Embodiment(s) 4. The system according to any one of embodiment(s) 1 to 3, further

comprising a NOx absorber.

[0091] Embodiment(s) 5: The system according to embodiment(s) 4, wherein the NOXx

absorber is configured in series between the reactor and the carbon dioxide collector.

[0092] Embodiment(s) 6: The system according to any one of embodiment(s) 1 to 5, further

comprising a SOx absorber.

[0093] Embodiment(s) 7: The system according to any one of embodiment(s) 1 to 6, the gas
stream further comprising water vapour, and the system further comprising a water vapour

remover.

[0094] Embodiment(s) 8: The system according to embodiment(s) 7, wherein the water vapour

remover is configured in series between the NOx absorber and the carbon dioxide collector.

[0095] Embodiment(s) 9: The system according to embodiment(s) 8, wherein the water vapour

remover is configured in parallel to the electrolytic unit.

[0096] Embodiment(s) 10: The system according to any one of embodiment(s) 1 to 9, wherein

the carbon dioxide gas is converted to the hydrocarbon fuel by a Sabatier reaction.

[0097] Embodiment(s) 11: The system according to embodiment(s) 10, wherein the Sabatier
reaction uses a catalyst selected from the group consisting of a nickel catalyst, a ruthenium

catalyst, an alumina catalyst, and a copper catalyst.

[0098] Embodiment(s) 12: The system according to embodiment(s) 11, wherein the catalyst is

the copper catalyst.

[0099] Embodiment(s) 13: A system comprising: (a) a gas phase reactor configured to receive

a gas stream comprising NOx species, water vapour, and carbon dioxide gas, the gas phase
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reactor further configured to oxidize the NOx species in the gas stream to produce hydrochloric
acid; (b) a NOx absorber configured to receive the gas stream from the gas phase reactor, the
NOx absorber further configured to oxidize the NOx species in the gas stream, the NOXx
absorber further configured to collect the hydrochloric acid produced from oxidizing the NOX
species in the gas stream in the NOx absorber and oxidizing the NOx species in the gas phase
reactor; (c) an electrolytic unit configure to receive the hydrochloric acid collected at the NOx
absorber, and further configured to electrolyse the hydrochloric acid to produce hydrogen gas;
(d) a water vapour remover configured to receive the gas stream from the NOx absorber, and
further configured to remove the water vapour from the gas stream; and (e) a carbon dioxide
absorber configured to receive the gas stream from the water vapour remover and the
hydrogen gas from the electrolytic unit, the hydrogen gas for hydrogenating the carbon dioxide

gas in the gas stream into a hydrocarbon fuel.

[00100] Embodiment(s) 14: The system according to embodiment(s) 13, wherein the

reactor is further configured to receive a chlorine gas stream.

[00101] Embodiment(s) 15: The system according to embodiment(s) 13 or 14, wherein
the electrolytic unit is configured to electrolyse the hydrochloric acid to produce the hydrogen

gas and chlorine gas.

[00102]} Embodiment(s) 16: The system according to embodiment(s) 15, wherein the

chlorine gas is recycled into the chlorine gas stream.

[00103] Embodiment(s) 17: The system according to any one of embodiment(s) 13 to

16, wherein the carbon dioxide gas is converted to the hydrocarbon fuel by a Sabatier reaction.

[00104] Embodiment(s) 18: The system according to embodiment(s) 17, wherein the
Sabatier reaction uses a catalyst selected from the group consisting of a nickel catalyst, a

ruthenium catalyst, an alumina catalyst, and a copper catalyst.

[00105] Embodiment(s) 19: A method of treating a gas stream comprising NOx species,
water vapour, and carbon dioxide gas, the method comprising: (a) generating hydroxyl radicals
and chlorine radicals; (b) oxidizing the NOx species in the gas stream with the hydroxyl radicals
and chlorine radicals to produce nitric acid and hydrochloric acid; (c¢) removing the water

vapour from the gas stream; (d) reacting the carbon dioxide gas with hydrogen gas produced
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from electrolyzing the water vapour removed from the gas stream, the hydrochloric acid, or

both, to produce a hydrocarbon fuel.

[00106] Embodiment(s) 20: The method according to embodiment(s) 19, the gas stream

further comprising SOx species, the method further comprising oxidizing the SOx species.

[00107] Embodiment(s) 21: The method according to embodiment(s) 19 or 20, the gas
stream further comprising a heavy metal, the method further comprising removing the heavy

metal from the gas stream.

[00108] Embodiment(s) 22: The method according to embodiment(s) 21, wherein the

heavy metal is mercury.

[00109] Embodiment(s) 23: The method according to any one of embodiment(s) 20 to
22, the gas stream further comprising trace elements selected from a group consisting of
antimony, arsenic, cadmium, chromium, nickel, selenium, zirconium, and any combination

thereof, the method further comprising removing the trace elements from the gas stream.

[00110] Embodiment(s) 24: The method according to embodiment(s) 23, further
comprising capturing the trace elements in sulfuric acid produced from oxidizing the SOXx

species, and removing the trace elements from the sulfuric acid by ion exchange.

[00111] Embodiment(s) 25: The method according to any one of embodiment(s) 19 to

24 further comprising electrolyzing the hydrochloric acid to produce chlorine gas.

[00112] Embodiment(s) 26: The method according to embodiment(s) 25, further

comprising using the chlorine gas to generate at least some of the chlorine radicals.

[00113] Embodiment(s) 27: The method according to any one of embodiment(s) 19 to
26, further comprising electrolyzing the water vapour removed from the gas stream to produce
oxygen gas.

[00114] Embodiment(s) 28: The method according to embodiment(s) 27, further

comprising using the oxygen gas to aid in combustion.

[00115] Embodiment(s) 29: The method according to any one of embodiment(s) 19 to
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28. wherein the carbon dioxide gas is converted into the hydrocarbon fuel by a Sabatier

reaction.

[00116] Embodiment(s) 30: The method according to embodiment(s) 29, wherein the
Sabatier reaction is catalysed by a catalyst selected from the group consisting of a nickel

catalyst, a ruthenium catalyst, an alumina catalyst, and a copper catalyst.

[00117] Embodiment(s) 31: Use of a Sabatier reaction for converting carbon dioxide gas

into a hydrocarbon fuel in an industrial-size flue gas treatment system.

[00118] Embodiment(s) 32: The use according to embodiment(s) 31, wherein the

hydrocarbon fuel is methane.

[00119] The present invention will be further illustrated in the following non-limiting
examples.
Example 1
[00120] Referring to Figure 1, and according to an embodiment of the present

disclosure, there is a flue gas treatment system 100 configured for use within a coal-firing
facility, the system 100 comprising a gas phase reactor 140, a SO, absorber 150, a NOx

absorber 160, a water vapour remover 170, and a carbon dioxide absorber 180.

[00121] Flue gas 110 comprises SOy species, NOx species, water vapour, heavy metals

(e.g. mercury), and carbon dioxide gas.

[00122] Chlorine gas 130 and flue gas 110 are: (i) delivered into the gas phase reactor
140 operating at pre-set reaction conditions; and (ii) mixed in the gas phase reactor 140. The
gas phase reactor may be a reactor that is known in the art, such as a commercially available
gas phase reactor. Appropriate reaction conditions are also known in the art (see for example
U.S. Pat. No. 4,619,608). For example, the gas phase reactor 140 can be set at a temperature
between about 100°C and about 650°C. For example, the temperature of the gas phase
reactor 140 can be set at about 100°C, 125°C, 150°C, 175°C, 200°C, 225°C, 250°C, 275°C,
300°C, 325°C, 350°C, 375°C, 400°C, 425°C, 450°C, 475°C, 500°C, 525°C, 550°C, 575°C,
600°C, 625°C, 650°C, or any temperature therebetween.
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[00123] At elevated temperatures in the gas phase reactor 140, it is believed that
chlorine gas 130 reacts with the water vapour in the flue gas 110 to generate chlorine radicals
and hydroxyl radicals. The NO, species or a portion thereof present in the flue gas 110 iIs
oxidized in the gas phase reactor 140 in the presence of the generated chlorine radicals and
the generated hydroxyl radicals. Using nitric oxide (NO) as an example of a NOy species, and
without wishing to be bound by theory, it is believed that nitric oxide (NO) in flue gas 110 Is
oxidized to nitric acid (HNO3) and hydrochloric acid in the gas phase reactor 140 according to

the following chemical reactions:
6. NO + «OH = HNOz;
7. NO + «Cl| =2 NOCI;
8. NOCI + H20 = HNO: + HCI;
0. HNQO> + «Cl = NO, + HCI;
10. NO2 + «OH = HNOg;
11. NO2 + «Cl =2 NOCI,
12. NO2Cl + H2O - HNO3 + HCI.

Without being bound by theory, it is also believed that the oxidized forms of polluting species
are more readily removable from flue gas than the non-oxidized forms thereof. In addition, it Is
believed that the predominant final products of NOx removal are nitric acid and hydrochloric
acid. Gas stream 110a comprising dissolved nitric acid and hydrochloric acid and other

pollutants exits the reactor 140 and is directed towards the SO, absorber 150.

[00124] The SO, absorber 150 may be any suitable absorber that is known In the art.
For example, and as contemplated in this embodiment, the SO« absorber 150 Is one that Is
substantially similar to the one described in U.S. Pat. No. 4,619,608 both in design and
reaction conditions. The SOy absorber 150 may achieve SO capture rates of above 99%
without producing CO, as a by-product. Where CO, capture and storage by sequestration Is
desired, SO limits of 10 ppm or lower may be required. Conventional limestone scrubbers may

not remove SO, from flue gas with the same efficiency.
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[00125] The SOy absorber 150 may be arranged horizontally or vertically, depending on
spatial restrictions or requirements of the system 100. The SO, absorber 150 may also
comprise packed towers or cross-flow vessels that condense and collect resulting sulfuric acid,
nitric acid, hydrochloric acid, or other acid streams, as well as heavy metal (e.g. mercury)

products.

[00126] In the SO, absorber 150, the gas stream 110a is sprayed with steam to facilitate
SO, oxidation; in the presence of the steam, SO, generally reacts in preferential order over
NO,. Using sulfur dioxide (SO;) as a non-limiting example of a SOy species, and without
wishing to be bound by theory, it is believed that the sulfur dioxide is oxidized to sulfuric acid

(H2S04) in the SO, absorber 150 according to the following chemical reaction:
13. SO, + Clh + 2H,O = H>SO4 + 2HCI

SO, removal rates of about 99% may be achieved at Cl; levels as low as 1.0 Clo/SO2 molar
ratio. An equilibrium concentration of about 70% or higher H.SO4 to H.O may also be
achieved. The collected mixture of H.SO4/H20 may be further treated by a process 150" to
remove H,O thereform, thereby concentrating the remaining sulfuric acid to a purity of up to
about 93-96% (commercial grade). The purified H,SO4 may then be collected and shipped to

iIndustry for sale.

[00127] Although not shown in Figure 1, in certain embodiments the method may futher
comprise removing the heavy metals (or a portion thereof), e.g. mercury, in the SOx absorber
or in the gas stream exiting the SO« absorber, e.g. by a process known In the art such as, but
not limited to, the one described in PCT/CA1999/000403. For example, mercury may be
converted into a mercury halide (e.g. mercury chloride) and collected from the sulfuric acid. In
certain embodiments, heavy metal removal may or may further comprise capturing the trace
elements (e.g. one or more of antimony, arsenic, cadmium, chromium, nickel, selenium, and
zirconium) in the sulfuric acid produced from oxidizing the SOy species, and removing the trace
elements from the sulfuric acid by ion exchange. In other embodiments, heavy metal removal
may not occur. Yet in other embodiments, heavy metal removal may occur at an off-site

location.

[00128] After oxidation of the SOy species in the SO, absorber 150, gas stream 110b Is
produced and directed towards the NOy absorber 160.
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[00129] The NOy absorber 160 may be any suitable NOy absorber that is known in the
art. For example, the NO, absorber 160 may be one that is substantially similar to the one
described in U.S. Pat. No. 4,619,608 both in design and reaction conditions. NOyx removal
efficiency of about 98% may be achieved by the combination of a gas phase reactor and a NOx
absorber. Since no ammonia is used in the NO, absorber 160, no ammonia slip occurs. The
NOy absorber 160 may be arranged horizontally or vertically, depending on spatial restrictions
or requirements of the system 100. The NOx absorber 160 may also comprise packed towers
or cross-flow vessels that condense and collect nitric acid, hydrochloric acid, as well as heavy

metal (e.g. mercury) products.

[00130] In the NOy absorber 160, the gas stream 110b Is sprayed with steam to further
oxidize the NOy species. The gas stream 110b may be sprayed with steam at a non-zero
angle (e.g. orthogonally). The gas stream 110b may be sprayed with steam at a suitable
spraying pressure. Without being bound by theory, it is believed that the following reactions

are involved in the removal of NOy species from gas stream 110b in the NOx absorber 160:
14.  Clz + H,O - HOCI + HCI
15. NOCI + H20 - HNO; + HCI
16. NOCI + HOCI + H,O = HNOs; + 2HCI
17. NO-CIl + H2O - HNO; + HOCI
18.  2NO;z + H2O - HNO2 + HNOs3
19. HNO; + HOCI - HNQO; + HCI
20.  2NO + H;0 + HNO3 = 3HNO:-

It is believed that the predominant final products of NOx removal are nitric acid and hydrochloric

acid.

[00131] The NOy absorber 160 collects nitric acid having a purity of up to about 99% that

may be directed to further processing and/or storage 160" in preparation for commercial

shipment and/or sale.
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[00132] The HCI produced from the oxidation of NOy species in the gas reactor 140 and
the NO, absorber 160 is collected and directed to an electrolytic unit 160°. At the electrolytic
unit 160, the HCI undergoes electrolysis to produce hydrogen gas and chlorine gas. Methods
of electrolysing hydrochloric acid are known in the art, and any commercially available
electrolytic unit may be used. In a non-limiting example, the electrolytic unit comprises high

temperature electrolysis cells.

[00133] The hydrogen gas produced from the electrolysis of HCI at electrolytic unit 160
may be re-used in the flue gas treatment system 100. In a non-limiting example, the produced
hydrogen gas or a portion thereof is re-directed to the carbon dioxide absorber 180 for use In

converting carbon dioxide gas into a hydrocarbon fuel.

[00134] The chlorine gas produced from the electrolysis of HCI at electrolytic unit 160
may be re-used in the flue gas treatment system 100. In a non-limiting example, the produced
chlorine gas is re-directed towards the reactor 140 and forms the chlorine gas 130 or a part

thereof.

[001395] Although not shown in Figure 1, in certain embodiments that gas stream 110b
undergoes further heavy metal removal in the NOx absorber 160 (i.e. removal of any heavy
metals that were not removed in the SO, absorber 150) by a process known In the art such as,
but not limited to, the one described in PCT/CA1999/000403. For example, mercury may be
converted into a mercury halide (e.g. mercury chloride) which may be collected, sold, or
reused, for other downstream applications. In other embodiments, this further heavy metal

removal process may not occur.

[00136] Gas stream 110c leaving the NO, absorber 160 is generally removed of NO,
species and consists essentially of water vapour and carbon dioxide gas. WWater vapour
present in gas stream 110c is removed therefrom by the water vapour remover 170. Such
removal may be done by methods known in the art. In a non-limiting example, thermal energy
generated from the treatment system 100 (e.g. heat from excess steam, or heat generated
specifically for the step of water vapour removal from gas stream 110c) is used to heat the gas
stream 110c to evaporate the H.O content remaining therein, the evaporated H-O content
being collectable downstream. In another non-limiting example, water vapour is removed from

gas stream 110c by heat exchangers and the removed water vapour may be collected as
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steam. Without such treatment or removal step, the water vapour generally would otherwise

be vented into the atmosphere.

[00137] The collected evaporated H>.O content from gas stream 110c may be
condensed into water, and the collected condensed water may be used for other purposes In
the flue gas treatment system 100. Such other purposes include, but are not limited to: (i)
returning the H>.O content recovered from gas stream 110c to a steam cycle of the flue gas
treatment system 100; (ii) re-using the H>-O content recovered from gas stream 110c as
process water in the SO« absorber 150, the NO, absorber 160, or both the SO, absorber 150
and the NOy absorber 160; (iii) using the H2O content recovered from gas stream 110c to aid In
the electrolysis 160" of HCI; and (iv) using the H,O content recovered from gas stream 110c as
a heat source to increase the temperature of the electrolytic reaction of HCI thereby improving
the efficiency of said reaction at the electrolytic unit 160’. Such recycling of evaporated H20
content from flue gas may be desired, particularly for flue gas treatment systems that are
situated in locations that experience or are prone to drought or drought-like conditions. It is
estimated that, for a 500 MW plant, up to about 750,000 Ibs/hr of H.O content that would
otherwise be vented into the atmosphere as steam may be recovered and re-used within the

treatment system 100.

[00138] Gas stream 110d, which is removed of water vapour, is directed to the carbon

dioxide absorber 180 for further processing.

[00139] Gas stream 110d consists essentially of carbon dioxide gas. Hydrogen gas
produced from the electrolysis of HCI at the electrolytic unit 160’ is fed into the carbon dioxide
absorber 180, and serves as a reactant required to hydrogenate the carbon dioxide gas in gas
stream 110d into methane 112, at the carbon dioxide absorber 180, via the Sabatier process,

at industrial scale and economically reasonable costs.

[00140] The Sabatier process is catalyzed in the carbon dioxide absorber 180 by an
appropriate catalyst such as, but not limited to, a nickel catalyst, ruthenium, alumina, or a
copper catalyst. As contemplated in this embodiment, the Sabatier process In the carbon
dioxide collector 180 is catalyzed by a copper catalyst, and occurs under atmospheric
pressure. As contemplated in this embodiment, the molar feed ratio of H>:CO- is greater than

or equal to about 3.5:1, and the Sabatier process is carried out at a temperature between
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about 400°F and about 700°F. |n other embodiments, other suitable reaction parameters may

be used.

[00141] It is also contemplated in this embodiment (though not shown in Figure 1) that at
least a portion of the water vapour removed from gas stream 110c and the HO content
collected therefrom undergoes its own electrolytic reaction to generate hydrogen gas and
oxygen gas. The hydrogen gas generated from the electrolysis of the collected H.O content
may be directed to the carbon dioxide absorber 180 for use in converting carbon dioxide gas
into a hydrocarbon fuel and to further provide the volume of hydrogen gas that is required to
hydrogenate the carbon dioxide gas in gas stream 110d into methane 112, at the carbon
dioxide absorber 180, via the Sabatier process, at industrial scale and economically reasonable
costs. The oxygen gas generated from said electrolysis may be used as a fuel source within
the system 100. In other embodiments, the water vapour removed from gas stream 110c and

the H,O content collected therefrom does not undergo further hydrolysis.

[00142]) Methane 112 produced in the carbon dioxide absorber 180 may be directed
downstream for further processing 190. In certain embodiments, methane 112 (or a portion
thereof) is compressed (condensed) by methods known in the art to form downstream fuel
sources such as, but not limited to, liquefied natural gas (LNG), which may be used (or a
portion thereof may be used) as a source of fuel in downstream applications, recycled for use
as a fuel source within the system 100, or sold as a product (e.g. as a fuel or chemical
feedstock). For example, but without limitation, LNG may be removed from the plant via

cryogenic road tanker.

[00143] Since methane is combustible without requiring compression or other treatment,
in certain embodiments (not shown in Figure 1) methane 112 (or a portion thereof) may be fed
directly into the boiler of the plant, blended and co-fired with the coal, gas or another fossil or
hydrocarbon fuel, or may be used as fuel to power a separate turbine, thereby eliminating or
reducing the need to store, sequester, or sell the product of condensation (i.e. LNG), while

increasing the power output of the plant.

[00144] In other non-limiting examples, the methane 112 (or a portion thereof) may be
converted to other products such as, but not limited to, a methyl halide. In a non-limiting

example, methane 212 (or a portion thereof) is converted to chloromethane through the
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following reaction, as known in the art:
21. CH4 + Cl, = CH3CI + HCI

The resulting methyl chloride from Reaction 21 may be further processed into other organic
polyhalides, such as dichloro-methane. The resulting methyl chloride may also be converted to
other products like methyl alcohols, ethyl alcohols, ethers, aldehydes, ketones, organic acids,

esters, amines, and fats and soaps.

Example 2

[00145] Referring to Figure 2, and according to another embodiment of the present
disclosure, there is a flue gas treatment system 200 configured to serve a gas burning facility,
the treatment system 200 comprising a gas phase reactor 140, a NOy absorber 160, a water
vapour remover 170, and a carbon dioxide absorber 180. As SOy species are not generally
produced in a gas burning facility, the presence of a SOy absorber would be optional for a gas

burning facility flue gas treatment system.
[00146] Flue gas 210 comprises NOy species, water vapour, and carbon dioxide gas.

[00147] Chlorine gas 130 and flue gas 210 are: (i) delivered into the gas phase reactor
140 operating at pre-set reaction conditions such as the reaction conditions described In
Example 1; and (ii) mixed in the gas phase reactor 140. For example, the gas phase reactor
140 can be set at a temperature between about 100°C and about 650°C. Flue gas 210 and
chlorine gas 130 mix in the gas phase reactor 140, and the NOx gas in the flue gas 210 is
oxidized generally to nitric acid and hydrochloric acid (see for example Reactions 6 to 12). Gas
stream 210a comprising dissolved nitric acid and hydrochloric acid and other pollutants exits

the reactor 140 and is directed towards the NO, absorber 160.

[00148] NO, species that were not removed (e.g. converted) in the reactor 140 are
removed from the gas stream 210a in the NOy absorber 160. Without being bound by theory, it
is believed that NO, species that were not removed in the reactor 140 are removed from the
gas stream 210a in the NOy absorber 160 per reactions 14 to 20 described above In Example 1.
It is believed that the predominant final products of NOx removal are nitric acid and hydrochloric

acid.
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[00149] The NOy absorber 160 collects nitric acid of a purity up to about 99% that may
be directed to further processing and/or storage 160" in preparation for commercial shipment
and/or sale.

[00150] Although not shown in Figure 2, in certain optional embodiments, gas stream

210a may undergo heavy metal removal in the NO, absorber 160 by a process known In the art
such as, but not limited to, the one described in PCT/CA1999/000403. In other embodiments,
this heavy metal removal process may not occur. Heavy metals are generally not present in a

gas plant.

[00151] The HCI produced from the oxidation of NOy species in the gas reactor 140 and
the NO, absorber 160 is collected and directed to an electrolytic unit 160°. At the electrolytic
unit 160°, the HCI undergoes electrolysis to produce hydrogen gas and chlorine gas. Methods
of electrolysing hydrochloric acid are known in the art, and any commercially available
electrolytic unit may be used. The hydrogen gas produced from the electrolysis of HCI at
electrolytic unit 160' may be re-used in the flue gas treatment system 200. In a non-limiting
example, the produced hydrogen gas or a portion thereof is re-directed to the carbon dioxide
absorber 180 for use in converting carbon dioxide gas into a hydrocarbon fuel. The chlorine
gas produced from the electrolysis of HCI at electrolytic unit 160° may be re-used In the flue
gas treatment system 200. In a non-limiting example, the produced chlorine gas Is re-directed

towards the reactor 140 and forms the chlorine gas 130 or a part thereof.

[00152] Gas stream 210b leaving the NO, absorber 160 is generally removed of NO,
species and consists essentially of water vapour and carbon dioxide gas. VWater vapour
present in gas stream 210b is removed therefrom by the water vapour remover 1/0. Such

removal may be done by the non-limiting examples described in Example 1.

[00153] The collected evaporated H>O content from gas stream 210b may be
condensed into water, and the collected condensed water may be used for other purposes In
the flue gas treatment system 200 such as, but not limited to, those described in Example 1. In
addition, it is contemplated in this embodiment (though not shown in Figure 2) that at least a
portion of the water vapour removed from gas stream 210b and the H>O content collected
therefrom undergoes its own electrolytic reaction to generate hydrogen gas and oxygen gas.

The hydrogen gas generated from the electrolysis of the collected H>O content may be directed
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to the carbon dioxide absorber 180 for use in converting carbon dioxide gas into a hydrocarbon
fuel. The oxygen gas generated from said electrolysis may be used as a fuel source within the
system 200. In other embodiments, the water vapour removed from gas stream 210b and the

H>O content collected therefrom does not undergo further hydrolysis.

[00154] Gas stream 210c, which is removed of water vapour, is directed to the carbon
dioxide absorber 180 for further processing. Gas stream 210c consists essentially of carbon
dioxide gas. Hydrogen gas produced from the electrolysis of HCI at the electrolytic unit 160" Is
fed into the carbon dioxide absorber 180, and serves as a reactant that is required to
hydrogenate the carbon dioxide gas in gas stream 210c into methane 212, at the carbon

dioxide absorber 180, via the Sabatier process.

[00155] Methane 212 produced in the carbon dioxide absorber 180 may be directed

downstream for further processing 290.

[00156] In certain embodiments, methane 112 (or a portion thereof) is condensed by
methods known in the art to form downstream fuel sources such as, but not limited to, liquefied
natural gas (LNG), which may be used (or a portion thereof may be used) as a source of fuel In
downstream applications, recycled for use as a fuel source within the system 200, or sold as a
product (e.g. as a fuel or chemical feedstock). For example, but without limitation, LNG may be

removed from the plant via cryogenic road tanker.

[00157] Since methane is combustible without requiring further treatment, Iin certain
embodiments (not shown in Figure 1) methane 112 or a portion thereof may be used as fuel to
generate heat or power a turbine, thereby eliminating or reducing the need to store, sequester,

or sell the product of condensation (i.e. LNG), while increasing the power output of the plant.

[00158] In addition to conversion to liquefied natural gas as described in Example 1,
methane 212 (or a portion thereof) may be rendered into other products. In a non-limiting
example, methane 212 (or a portion thereof) is converted to chloromethane using Reaction 21
(as described in Example 1). The resulting methyl chloride from Reaction 21 may be further
processed into other organic polyhalides, such as dichloro-methane. The resulting methyi
chloride may also be converted to other products like methyl alcohols, ethyl alcohols, ethers,

aldehydes, ketones, organic acids, esters, amines, and fats and soaps.
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[00159] While Examples 1 and 2 above describe the water vapour remover 170 and the
carbon dioxide absorber 180 as separate units, in other embodiments and examples, the water
vapour remover and the carbon dioxide absorber may be combined as one unit. In a non-
limiting example, heat exchangers are placed around the carbon dioxide absorber to evaporate
the water vapour from the gas stream prior to reacting the carbon dioxide gas remaining in the
gas stream with hydrogen gas. In another non-limiting example, steam from the system is
passed over the carbon dioxide absorber to evaporate the water vapour from the gas stream

prior to reacting the carbon dioxide gas remaining in the gas stream with hydrogen gas.

[00160] It is understood that the embodiments presented In the disclosure are non-
limiting examples of flue gas treatment systems contemplated in this disclosure. VWhile in the
embodiments only one clean-up unit (e.g. a SO, absorber, a NOx absorber, a carbon dioxide
absorber, a Sabatier reactor, etc.) is described for each targeted flue gas pollutant, other
embodiments may contemplate one or more clean-up units per targeted flue gas pollutant. For
example, a treatment system may comprise one or more gas phase reactors connected In
series, one or more SO, absorbers connected in series, one or more NOx absorbers connected
in series, one or more water vapour removers connected in series, one or more HyO
electrolytic units connected in series, one or more HCI electrolytic units connected In series,
and/or one or more carbon dioxide absorbers connected in series. Having one or more of the
same clean-up units arranged in series may improve the collection and removal of certain flue
gas pollutants. For example, since the volumes of carbon dioxide in the flue gas are much
greater than the volumes of SO, and NOy species in the flue gas, additional carbon dioxide
absorbers connected in series may be beneficial in order to adequately remove the carbon
dioxide from the flue gas by converting it, for example by the Sabatier process, Into, for

example, a hydrocarbon fuel for use in downstream applications.

[00161] All citations herein, and all documents cited in the cited documents, are hereby

iIncorporated by reference.

[00162] It is contemplated that any part of any aspect or embodiment discussed in this
specification can be implemented or combined with any part of any other aspect or
embodiment discussed in this specification. While particular embodiments have been
described in the foregoing, it is to be understood that other embodiments are possible and are

intended to be included herein. It will be clear to any person skilled in the art that modification
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of and adjustment to the foregoing embodiments, not shown, is possible. Accordingly, the

scope of the claims should not be limited by the preferred embodiments set forth in the
examples, but should be given the broadest interpretation consistent with the description as a

whole.
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WHAT IS CLAIMED IS:
1. A system comprising:

(a) a gas phase oxidation (GPQO) reactor configured to receive a flue gas stream
comprising NOx species and carbon dioxide gas, the GPO reactor further
configured to receive chlorine gas, liquid or solution, and to oxidize the NOx
species in the flue gas stream to produce a gas stream comprising nitric acid and

hydrochloric acid;

(b) an electrolytic unit configured to receive the hydrochloric acid and configured to

electrolyse the hydrochiloric acid to produce hydrogen gas and chlorine gas; and

(C) a Sabatier reactor configured to receive both a gas stream, downstream from the
GPO reactor, and at least a portion of the hydrogen gas from the electrolytic unit,
the Sabatier reactor further configured to hydrogenate the carbon dioxide gas in

the gas stream into a hydrocarbon fuel comprising methane.

2. The system according to claim 1, wherein the GPO reactor is configured to receive a
chlorine gas stream.

3. The system according to claim 1 or 2, further comprising a NOx absorber configured to
receive a gas stream from (a) or downstream from (a), the NOy absorber further
configured to oxidize and collect the NOx species remaining in the gas stream as
hydrochloric acid, wherein the system is further configured to direct at least a portion of
the hydrochloric acid from the NOy absorber to the electrolytic unit.

4. The system according to claim 3, wherein the NOy absorber is configured in series
between the GPO reactor and the Sabatier reactor.

5. The system according to claim 1 or 2, wherein the flue gas further comprises SOy
species, and wherein the system further comprises a SOy absorber configured to receive

a gas stream from (a) or downstream from (a), and further configured to oxidize and
collect the SOy species in the gas stream as sulfuric acid.

6. The system according to claim 3 or 4 wherein the flue gas further comprises SOy
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species, and wherein the system further comprises a SOy absorber configured in series
between the GPO reactor and the NOx absorber, the SO, absorber configured to receive
a gas stream from (a) or downstream from (a), and further configured to oxidize and

collect the SOy species in the gas stream as sulfuric acid.

The system according to claim 5 or 6, wherein the flue gas further comprises mercury
and/or at least one heavy metal trace element, and wherein the SO« absorber is further

configured to remove the mercury and/or the at least one heavy metal trace element.

The system according to any one of claims 1 to 7, wherein the flue gas further comprises
water vapour, and wherein the system further comprises a water vapour remover
configured to remove the water vapour from the gas stream before (c).

The system according to claim 3, 4 or 6, wherein the flue gas further comprises water
vapour, and wherein the system further comprises a water vapour remover configured in
series between the NOy absorber and the Sabatier reactor.

The system according to claim 8 or 9, wherein the water vapour remover is configured in
parallel to the electrolytic unit.

The system according to any one of claims 1 to 10, wherein the Sabatier reactor uses a

catalyst selected from the group consisting of a nickel catalyst, a ruthenium catalyst, an
alumina catalyst, and a copper catalyst.

The system according to claim 11, wherein the catalyst is the copper catalyst.

The system according to any one of claims 1 to 12, further configured to direct the

methane to a boiler or combustion chamber for combustion of the methane to generate
heat or power.

The system according to any one of claims 1 to 12, further comprising a compressor
configured to condense liquefied natural gas from the methane.

The system according to any one of claims 1 to 14, wherein at least a portion of the
chiorine gas produced in the electrolytic unit is recycled into the GPO reactor.

A method of producing a hydrocarbon fuel, comprising methane, from a flue gas stream
42
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comprising NOy species, water vapour, and carbon dioxide gas, the method comprising:

(a) generating hydroxyl radicals and chlorine radicals;

(b) oxidizing the NOx species in the gas stream with the hydroxyl radicals and
chlorine radicals to produce a gas stream comprising nitric acid and hydrochioric

acid, water vapour and carbon dioxide gas;

(C) removing the water vapour from the gas stream to produce a dehydrated gas

stream;

(d) producing hydrogen gas from electrolyzing the hydrochloric acid produced in (b),

and optionally from electrolyzing the water vapour removed from the gas stream

in (C),

(e) using a Sabatier reaction to hydrogenate the carbon dioxide gas in the
dehydrated gas stream from (c) with the hydrogen gas produced in (d) to
produce the hydrocarbon fuel.

The method according to claim 16, wherein the flue gas stream further comprises SOx

species, and wherein the method further comprises:

(bi)  oxidizing the SOy species to produce sulfuric acid, and removing the sulfuric acid

from the gas stream to produce a gas stream that is substantially free of SOx
species.

The method according to claim 17, wherein the flue gas stream further comprises trace

elements selected from a group consisting of antimony, arsenic, cadmium, chromium,
nickel, selenium, zirconium, and any combination thereof, and wherein the method

further comprises removing the trace elements from the gas stream by capturing the
trace elements In the sulfuric acid.

The method according to claim 18, further comprising removing the trace elements from
the sulfuric acid by ion exchange.

The method according to any one of claims 17 to 19, the flue gas stream further

comprising mercury, and wherein the method further comprises removing the mercury
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AMENDED SHEET



21,

22.

23.

24.

25.

26.

21 .

28.

29.

30.

31.

PCT/CA2017/051580
CA 03047845 2019-06-20 16 October 2018 16-10-2018

from the gas stream.

The method according to claim 20, wherein removing the mercury comprises converting

the mercury to HgCl, and capturing the HgClz in the sulfuric acid.

The method according to claim 21, further comprising recovering the mercury from the
sulfuric acid.

The method according to any one of claims 16 to 22, further comprising:

(bi)  further oxidizing the NOx species with steam to produce hydrochloric acid and a

gas stream that is substantially free of NOy species.

The method according to claim 23, further comprising using chlorine gas produced from

(d) to generate at least some of the chlorine radicals in (a).

The method according to any one of claims 16 to 24, wherein (d) comprises electrolyzing
the water vapour removed from the gas stream in (c), the electrolyzing of the water

vapour also producing oxygen gas.

The method according to claim 25, further comprising directing the oxygen gas from (d)

to aid in combustion of a fuel to generate heat or power.

The method according to any one of claims 16 to 26, wherein the Sabatier reaction is
catalysed by a catalyst selected from the group consisting of a nickel catalyst, a

ruthenium catalyst, an alumina catalyst, and a copper catalyst.

The method according to any one of claims 16 to 27, further comprising compressing the

methane to reduce the volume of the methane.

The method according to any one of claims 16 to 28, further comprising combusting the
methane to generate heat or power.

The method according to claim 28 or 29, wherein the methane is blended and co-fired

with another hydrocarbon fuel, optionally selected from coal or gas.

The method according to any one of claims 16 to 27, further comprising condensing the
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methane to produce liquefied natural gas.
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