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ABSTRACT

Processes and compositions are provided for decreasing emissions of mercury
upon combustion of fuels such as coal. Various sorbent compositions are provided that
contain components that reduce the level of mercury and/or sulfur emitted into the
atmosphere upon buming’of coal. In various embodiments, the sorbent compositions are
added directly to the fuel before combustion; are added partially to the fuel before
combustion and partially into the flue gas post combustion zone; or are added completely
into the flue gas post combustion zone. In preferred embodiments, the sorbent
compositions comprise a source of halogen and preferably a source of calcium. Among
the halogens, iodine and bromine are preferred. In various embodiments, inorganic

bromides make up a part of the sorbent compositions.
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REDUCING MERCURY EMISSIONS FROM THE BURNING OF COAL

[0001] This application is a divisional of Canadian patent application No.
2.851,742, which in turn is a divisional of Canadian patent application No. 2,601,325 filed
April 21, 2005.

INTRODUCTION

[0002] The invention provides compositions and methods for reducing the
levels of mercury emitted into the atmosphere upon burning of mercury containing fuels
such as coal. In particular, the invention provides for addition of various halogen and
other sorbent compositions into the coal burning system during combustion.

[0003] Significant coal resources exist around the world that are capable of
meeting large portions of the world's energy needs into the next two centuries. High sultur
coal is plentiful, but requires remediation steps to prevent excess sulfur from being
released into the atmosphere upon combustion. In the United States, low sulfur coal
exists in the form of low BTU value coal in the Powder River basin of Wyoming and
Montana, in lignite deposits in the North Central region of North and South Dakota, and in
lignite deposits in Texas. But even when coals contain low sulfur, they still contain non-
negligible levels of elemental and oxidized mercury.

[0004] Unfortunately, mercury is at least partially volatilized upon combustion
of coal. As a result, the mercury tends not to stay with the ash, but rather becomes a
component of the flue gases. If remediation is not undertaken, the mercury tends to escape
from the coal burning facility, leading to environmental problems. Some mercury today is
captured by utilitiés, for example in wet scrubber and SCR control systems. However,
most mercury is not captured and is therefore released through the exhaust stack.

[0005] In the United States, the Clean Air Act Amendments of 1990
contemplated the regulation and control of mercury. A mercury study in the report to
Congress in 1997 by the Environmental Protection Agency (EPA) further defined the
bounds of mercury release from power plants in the United States. In December 2000, the
EPA decided to regulate mercury, and have published proposed clean air mercury rules in

January and March of 2004. A set of regulations for required mercury reduction from US
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coal burning plants has now been promulgated by the United States Environmental

Protection Agency.

[0006] In addition to wet scrubber and SCR control systems that tend to
remove mercury partially from the flue gases of coal combustion, other methods of control
have included the use of activated carbon systems. Use of such systems tends to be
associated with high treatment costs and elevated capital costs. Further, the use of
activated carbon systems leads to carbon contamination of the fly ash collected in exhaust
air treatments such as the bag house and electrostatic precipitators.

[0007] Mercury emissions into the atmosphere in the United States are
approximately 50 tons per year. A significant fraction of the release comes from
emissions from coal burning facilities such as electric utilities. Mercury is a known
environmental hazard and leads to health problems for both humans and non-human
animal species. To safeguard the health of the public and to protect the environment, the
utility industry 1s continuing to develop, test, and implement systems to reduce the level of
mercury emissions from its plants. In combustion of carbonaceous materials, it is
desirable to have a process wherein mercury and other undesirable compounds are
captured and retained after the combustion phase so that they are not released into the

atmosphere.

SUMMARY

[0008] Processes and compositions are provided for decreasing emissions of
mercury upon combustion of fuels such as coal. Various sorbent compositions are
provided that contain components that reduce the level of mercury and/or sulfur emitted
into the atmosphere upon burning of coal. In various embodiments, the sorbent
compositions are added directly to the fuel before combustion; are added partially to the
fuel betore combustion and partially into the flue gas post combustion zone; or are added
completely into the flue gas post combustion zone. In preferred embodiments, the sorbent
compositions comprise a source of halogen and preferably a source of calcium. Among
the halogens, iodine and bromine are preferred. In various embodiments, inorganic
bromides make up a part of the sorbent compositions.

[0009] In various embodiments mercury sorbent compositions containing

bromine or 1odine are added to the fuel as a powder or a liquid prior to combustion.
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Alternatively, the sorbent compositions containing halogen such as bromine and iodine are
Injected into the flue gas at a point after the combustion chamber where the temperature is
higher than about 1500°F (about 800°C).

[0010] In preferred embodiments, the sorbent compositions further contain
other components, especially a source of calcium. Thus, in one embodiment, the invention
provides for singular and multiple applications of multi-element oxidizers, promoters, and
sorbents to coal prior to and/or after combustion in a furnace. In various embodiments, the
components of the sorbent compositions develop ceramic characteristics upon combustion
and subsequent calcination of the components with the carbonaceous materials. In various
embodiments, use of the sorbent compositions reduces mercury emissions by capturing
and stabilizing oxidized and elemental mercury with multiple-element remediation
materials such as calctum oxides, calcium bromides, other calcium halogens, as well as
oxides of silicon, aluminum, iron, magnesium, sodium, and potassium.

[0011] In preferred embodiments, mercury emissions from coal burning
facilities are reduced to such an extent that 90% or more of the mercury in the coal is
captured before release into the atmosphere. The mercury remediation processes can be
used together with sorbent compositions and other processes that remove sulfur from the
combustion gas steam. Thus in preferred embodiments, significant sulfur reduction is
achieved along with 90% plus reduction of mercury €missions.

[0012] Further areas of applicability of the present invention will become
apparent from the detailed description provided hereinafter. It should be understood that
the detailed description and specific examples, while indicating the preferred embodiment
of the invention, are intended for purposes of illustration only and are not intended to limit

the scope of the invention.

DESCRIPTION
{0013] The following description of the preferred embodiment(s) is merely
exemplary in nature and 1s in no way intended to limit the invention, its application, or
uses.
[0014] In various embodiments, the invention provides compositions and
methods for reducing emissions of mercury that arise from the combustion of mercury

containing fuels such as coal. Systems and facilities that burn fuels containing mercury
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will be described with particular attention to the example of a coal burning facility such as
used by electrical utilities. Such facilities generally have some kind of feeding mechanism
to deliver the coal into a furnace where the coal is burned or combusted. The feeding
mechanism can be any device or apparatus suitable for use. Non-limiting examples
include conveyer systems, screw extrusion systems, and the like. In operation, a mercury-
containing fuel such as coal is fed into the furnace at a rate suitable to achieve the output
desired from the furnace. Generally, the output from the furnace is used to boil water for
steam to provide direct heat, or else the steam is used to turn turbines that eventually result
in the production of electricity.

[0015] The coal is fed into the furnace and burned in the presence of oxygen.
Typical flame temperatures in the combustion temperature are on the order of 2700°F to
about 3000°F. After the furnace or boiler where the fed fuel is combusted, the facility
provides convective pathways for the combustion gases, which for convenience are
sometimes referred to as flue gases. Hot combustion gases and air move by convection
away from the flame through the convective pathway in a downstream direction (1.€.,
downstream in relation to the fireball. The convection pathway of the facility contains a
number of zones characterized by the temperature of the gases and combustion products in
each zone. Generally, the temperature of the combustion gas falls as it moves in a
direction downstream from the fireball. The combustion gases contain carbon dioxide as
well as various undesirable gases containing sulfur and mercury. The convective
pathways are also filled with a variety of ash which is swept along with the high
temperature gases. To remove the ash before emission into the atmosphere, particulate
removal systems are used. A variety of such removal systems can be disposed in the
convective pathway such as electrostatic precipitators and a bag house. In addition,
chemical scrubbers can be positioned in the convective pathway. Additionally, there may
be provided various instruments to monitor components of the gas such as sulfur and
mercury.

[0016] From the furnace, where the coal is burning at a temperature of
approximately 2700°F — 3000°F, the fly ash and combustion gases move downstream in
the convective pathway to zones of ever decreasing temperature. Immediately
downstream of the fireball is a zone with temperature less that 2700°F. Further

downstream, a point is reached where the temperature has cooled to about 1500°F.
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Between the two points is a zone having a temperature from about 1500 to about 2700°F.
Further downstream, a zone of less than 1500°F i‘s reached, and so on. Further along in
the convective pathway, the gases and fly ash pass through lower temperature zones until
the baghouse or electrostatic precipitator is reached, which typically has a temperature of
about 300°F before the gases are emitted up the stack.

[0017] In various embodiments, the process of the present invention calls for
the application of a mercury sorbent

directly to a fuel such as coal before combustion (addition "pre-
combustion");

directly into the gaseous stream after combustion in a temperature zone
of between 2700°F and 1500°F (addition "post-combustion); or

in a combination of pre-combustion and post-combustion additions.

[0018] In various embodiments, oxidized mercury from combustion reports to
the bag house or electrostatic precipitator and becomes part of the overall ash content of
the coal burning plant. Heavy metals in the ash do not leach below regulatory levels.

[0019] In various embodiments, mercury emissions from the coal burning
facility are monitored. Depending on the level of mercury in the flue gas prior to emission
from the plant, the amount of sorbent composition added onto the tuel per- and/or post-
combustion is raised, lowered, or 1s maintained unchanged. In general, 1t 1s desirable to
remove as high a level of mercury as is possible. In typical embodiments, mercury
removal of 90% and greater are achieved, based on the total amount of mercury in the
coal. This number refers to the mercury removed from the flue gases so that mercury is
not released through the stack into the atmosphere. To minimize the amount ot sorbent
added into the coal burning process so as to reduce the overall amount of ash produced in
the furnace, it 1s desirable in many environments to use the measurements of mercury
emissions to reduce the sorbent composition rate of addition to one which will achieve the
desired mercury reduction without adding excess material into the system.

[0020] Thus in one embodiment, a method 1s provided for burning coal to
reduce the amount of mercury released into the atmosphere. The method involves first
applying a sorbent composition comprising a halogen compound onto the coal. The coal
is then delivered into the furnace of a coal burning plant. The coal containing the sorbent

composition is then combusted in the furnace to produce ash and combustion gases. The
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combustion gases contain mercury, sulfur and other components. To accomplish a desired
reduction of mercury in the combustion gases in order to limit release into the atmosphere,
the mercury level in the combustion gases 1s preferably monitored by measuring the level
analytically. In preferred embodiments, the amount of the sorbent composition applied
onto the coal before composition is adjusted depending on the value of the mercury level
measured in the combustion gases.

[0021] In another embodiment, a mercury sorbent is added into the coal
burning system after combustion in a region having a temperature from about 1500°F to
2700°F (about 815°C to 1482°C). A method is provided for reducing the level of mercury
released into the atmosphere upon combustion of coal that contains mercury. The
combustion is carried out in a coal burning system containing a furnace and a convective
pathway for the combustion gases. The method involves burning the coal in the furnace,
and injecting a sorbent containing a halogen into the convective pathway at a point where
the combustion gases are at a temperature of 1500°F to 2700°F. If desired, the level of
mercury in the gases escaping the facility 1s monitored and measured. Depending on the
level of mercury escaping from the facility, reflected in the value determined by
monitoring, the rate of addition of the mercury sorbent can be increased, decreased, or
maintained unchanged. In a further embodiment, a mercury sorbent containing a halogen
can be both applied to the coal prior to combustion and injected into the convective
pathway at a point where the combustion gases are at a temperature of 1500°F to 2700°F.

[0022] Sorbent composition comprising a halogen compound contain one or
more organic or inorganic compounds containing a halogen. Halogens include chlorine,
bromine, and 1odine. Preferred halogens are bromine and 10odine. The halogen compounds
noted above are sources of the halogens, especially of bromine and iodine. For bromine,
sources of the halogen include various inorganic salts of bromine including bromides,
bromates, and hypobromites. In various embodiments, organic bromine compounds are
less preferred because of their cost or availability. However, organic sources of bromine
containing a suitably high high level of bromine are considered within the scope of the
invention. Non-limiting examples of organic bromine compounds include methylene
bromide, ethyl bromide, bromoform, and carbonate tetrabromide. Non-limiting sources of

iodine include hypoiodites, iodates, and 10dides, with 10dides being preferred.
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[0023] When the halogen compound is an inorganic substituent, it is preferably
a bromine or iodine containing salt of an alkali metal or an alkaline earth element.
Preferred alkali metals include lithium, sodium, and potassium, while preferred alkaline
earth elements include beryllium, magnesium, and calcium. Of halogen compounds,
particularly preferred are bromides and iodides of alkaline earth metals such as calcium.

[0024] The sorbent composition containing the halogen is provided in the form
of a liquid or of a solid composition. When it is a liquid composition, the sorbent
composition comprises preferably an aqueous solution of a bromine or 1odine compound
as described a‘bove. The methods of the invention that reduce the level of mercury
released into the atmosphere upon combustion of coal involve applying the sorbent
composition, in the form of either a liquid or a solid composition, into the coal burning
process. In one embodiment, the sorbent composition is added to the coal prior to
combustion, while in another the sorbent composition 1s injected into the convective
pathway of the coal burning facility in a zone having a temperature of 1500°F to 2700°F.
In various embodiments, sorbent addition can take place both pre-combustion and post-
combustion. In a preferred embodiment, an aqueous sorbent containing a halogen 1s
sprayed onto the coal pre-combustion and the coal enters the furnace still wet with water.

[0025] In various embodiments, liquid mercury sorbent comprises a solution
containing 5 to 60% by weight of a soluble bromine or iodine containing salt. Non-
limiting examples of preferred bromine and iodine salts include calcium bromide and
calcium iodide. In various embodiments, liquid sorbents contain 5-60% by weight of
calcium bromide and/or calcium iodide. For efficiency of addition to the coal prior to
combustion, in various embodiments it is preferred to add mercury sorbents having as high
level of bromine or iodine compound as is feasible. In a non-limiting embodiment, the
liquid sorbent contains 50% or more by weight of the halogen compound, such as calcium
bromide or calcium 1odide.

[0026] In various embodiments, the sorbent compositions containing a halogen
compound further contain a nitrate compound, a nitrite compound, or a combination of
nitrate and nitrite compounds. Preferred nitrate and nitrite compounds include those of
magnesium and calcium, preferably calcium. Thus, in a preferred embodiment, the
mercury sorbent composition contains calcium bromide. Calcium bromide can be

formulated with other components such as the nitrates and nitrites discussed above and to
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either a powder sorbent composition or a liquid sorbent composition. The powder or
liquid sorbent compositions containing halogen are added on to the coal pre-combustion,
injected into the convective pathways of the coal burning facility in a zone having a
temperature of about 1500°F to about 2700°F or a combination of the two.

[0027] The mercury sorbent compositions containing a halogen compound
preferably further comprise a source of calcium. Non-limiting examples of calcium
sources include calcium oxides, calcium hydroxides, calcium carbonate, calcium
bicarbonate, calcium sulfate, calcium bisulfate, calcium nitrate, calcium nitrite, calcium
acetate, calcium citrate, calcium phosphate, calcium hydrogen phosphate, and calcium
minerals such as apatite and the like. Preferred sources of calcium include calcium
halides. such as calcium bromide, calcium chloride, and calcium iodide. Organic calcium
compounds can also be used. Non-limiting examples include calcium salts of carboxylic
acids, calcium alkoxylates, and organocalcium compounds. As with the halogen
compounds above, in various embodiments, the organic calcium compounds tend to be
less preferred because of expense and availability.

[0028] In addition to the mercury sorbent composition added into the system
before or after combustion, a sulfur sorbent composition may be added along with the
mercury sorbent. Thus, in preferred embodiments, methods are provided for reducing
both sulfur and mercury emissions in the flue gas upon combustion of coal containing
sulfur and mercury. In a preferred embodiment, a method involves applying a first sorbent
composition and a second sorbent composition into the system. One of the first and
second sorbent compositions is added to the coal prior to combustion and the other is
injected into the coal burning system in a zone of the convective pathway downstream of
the burning chamber, preferably where the temperature is in the range of between 1500°F
to 2700°F. The first sorbent composition preferably contains a halogen component and 1s
added at level effective to reduce mercury in the combustion gases. The second sorbent
composition contains at least a calcium component and is added at level eftective to
reduce sulfur in the combustion gases.

[0029] In the embodiments of the previous paragraph, the first sorbent
composition containing the halogen component comprises a halogen compound such as
the preferred bromine and iodine compounds described above. The second sorbent

composition contains calcium in a form suitable for the reduction of sulfur emissions from
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the burning coal system. The second sorbent composition containing a calcium
component preferably contains calcium in a minimum molar amount of 1:1 based on the
molar amount of sulfur present in the coal. Preferably, the level of calcium added to the
system with the second sorbent composition is no greater than 3:1 with respect to moles of
sulfur in the coal. Treatment at higher levels of calcium tends to waste material and risks
blinding off the furnace, thereby impeding the combustion process and loading the
particulate control system.

[0030] Essentially, it is desired to add the calcium-containing sulfur sorbent at
a level effective to remove sulfur from the flue gases of the burning coal, but not in an
over abundant amount that would lead to production of excess ash. The second sorbent
composition containing a calcium component can contain any of the inorganic or organic
calcium compounds noted above. In addition, various industrial products contain calcium
at a suitable level, such as cement kiln dust, lime kiln dust, Portland cement, and the like.
In various embodiments, the calcium-containing sulfur sorbent contains a calcium powder
such as those listed, along with an aluminosilicate clay such as montmorillonite or kaolin.
The calcium containing sulfur sorbent composition preferably contains sufficient Si10; and
Al,0; to form a refractory-like mixture with calcium sulfate produced by combustion, such
that the calcium sulfate is handled by the particle control system of the furnace. In
preferred embodiments, the calcium containing sulfur absorbent contains a minimum of
2% silica and 2% alumina.

[0031] In a preferred embodiment, a mercury sorbent composition containing
calcium and bromine is applied to the coal. In various embodiments, the sorbent
composition contains calcium bromide. Alternatively, the absorbent composition contains
a bromine compound other than calcium bromide and a calcium compound other than
calcium bromide. Non-limiting examples of sources of calcium include calctum bromide,
calcium nitrite, Portland cement, calcium oxide, calcium hydroxide and calcium
carbonate. Then the coal containing the calcium and bromine sorbent composition is
burned to produce ash and combustion gases. Desirably, the level of mercury in the
combustion gases is measured and monitored. The level of bromine added to the coal by
way of the sorbent composition is then adjusted up or down or left unchanged, depending
on the level of mercury measured in the combustion gases. In various embodiments, the

method further provides for measuring a level of sulfur in the combustion gases and
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adjusting the level of calcium added onto the coal based on the level of sulfur measured.

In preferred embodiments, mercury emissions into the environment from the coal burning
facility are reduced by 90% or more. As used in this application, a mercury reduction of
90% or more means at least 90% of the mercury in the coal being burned is captured to
prevent its release into the atmosphere. Preferably, a sufficient amount of bromine is
added onto the coal prior to combustion to reduce the mercury emissions into the
environment by 90% or more.

[0032] In one aspect, the invention involves reducing the level of mercury
emitted into the atmosphere from facilities that burn fuels containing mercury. A
commercially valuable embodiment is use of the invention to reduce mercury emissions
from coal burning facilities to protect the environment and comply with government
regulations and treaty obligations. Much of the following discussion will refer to coal as
the fuel; it is to be understood that the description of coal burning is for illustrative
purposes only and the invention is not necessarily to be limited thereby.

[0033] In various embodiments, the methods of the invention involve adding a
mercury sorbent into the fuel or coal burning system at treatment levels sufficient to cause
a desired lowering of the levels of mercury escaping from the facility into the atmosphere
upon combustion of the fuel.  Suitable mercury sorbents are described above. In a
preferred embodiment, the mercury sorbents contain a source of bromine and/or iodine,
preferably in the form of inorganic bromide or iodide salts as discussed above.

[0034] In one embodiment, the mercury sorbent composition is added onto
coal prior to its combustion. The coal 1s partiéulate coal, and is optionally pulverized or
powdered according to conventional procedures. The sorbent composition 1s added onto
the coal as a liquid or as a solid. Generally, solid sorbent compositions are in the form of a

powder. If the sorbent is added as a liquid (usually as a solution of one or more bromine

or iodine salts in water), in one embodiment the coal remains wet when fed into the
burner. The sorbent composition can be added onto the coal continuously at the coal
burning facility by spraying or mixing onto the coal while i1t 1s on a conveyor, screw
extruder, or other feeding apparatus. In addition or alternatively, the sorbent composition
may be separately mixed with the coal at the coal burning facility or at the coal producer.
In a preferred embodiment, the sorbent composition is added as a liquid or a powder to the

coal as it is being fed into the burner. For example, in a preferred commercial

10
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embodiment, the sorbent is applied into the pulverizers that pulverize the coal prior to
injection. If desired, the rate of addition of the sorbent composition can be varied to
achieve a desired level of mercury emissions. In one embodiment, the level of mercury in
the flue gases is monitored and the level of sorbent addition adjusted up or down as
required to maintain the desired mercury level.

[0035] Mercury levels can be monitored with conventional analytical
equipment using industry standard detection and determination methods. In one
embodiment, monitoring is conducted periodically, either manually or automatically. In a
non-limiting example, mercury emissions are monitored once an hour to ensure
compliance with government regulations. To illustrate, the Ontario Hydro method is used.
In this known method, gases are collected for a pre-determined time, for example one
hour. Mercury is precipitated from the collected gases, and the level is quantitated using a
suitable method such as atomic absorption. Monitoring can also take more or less
frequently than once an hour, depending on technical and commercial feasibility.
Commercial continuous mercury monitors can be set to measure mercury and produce a
number at a suitable frequency, for example once every 3-7 minutes. In various
embodiments, the output of the mercury monitors is used to control the rate of addition of
mercury sorbent. Depending on the results of monitoring, the rate of addition of the
mercury sorbent is adjusted by either increasing the level of addition, decreasing it, or
leaving it unchanged. To illustrate, if monitoring indicates mercury levels are higher than
desired, the rate of addition of sorbent is increased until mercury levels return to a desired
level. If mercury levels are at desired levels, the rate of sorbent addition can remain
unchanged. Alternatively, the rate of sorbent addition can be lowered until monitoring
indicates it should be increased to avoid high mercury levels. In this way, mercury
emission reduction is achieved and excessive use of sorbent (with concomitant increase of
ash) 1s avoided.

f0036] Mercury is monitored in the convective at suitable locations. In various
embodiments, mercury released into the atmosphere is monitored and measured on the

clean side of the particulate control system. Mercury can also be monitored at a point 1n

the convective pathway upstream of the particulate control system. Experiments show that

as much as 20 to 30% of the mercury in coal is captured in the ash and not released into

the atmosphere when no mercury sorbent is added. Addition of mercury sorbents

11
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according to the invention raises the amount of mercury capture (and thus reduces the
amount of mercury emissions) to 90% or more.

[0037]  Alternatively or in addition, a mercury sorbent composition is inserted
or injected into the convective pathway of the coal burning facility to reduce the mercury
levels. Preferably, the sorbent composition is added into a zone of the convective pathway
downstream of the fireball (caused by combustion of the coal), which zone has a
temperature above about 1500°F and less than the fireball temperature ot 2700-3000°F.
In various embodiments, the temperature of sorbent is above about 1700°F. The zone
preferably has a temperature below about 2700°F. In various embodiments, the injection
zone has a temperature below 2600°F, below about 2500°F or below about 2400°F. In
non-limiting examples, the injection temperature is from 1700°F to 2300°F, from 1700°F
to 2200°F, or from about 1500°F to about 2200°F. As with pre-combustion addition, the
sorbent can be in the form of a liquid or a solid (powder), and contains an effective level
of a bromine or iodine compound. In various embodiments, the rate of addition of
sorbent into the convective pathway is varied depending on the results of mercury
monitoring as described above with respect to pre-combustion addition of sorbent.

[0038] In preferred embodiments, sorbent composition is added more or less
continuously to the coal before combustion and/or to the convective pathway in the
1500°F- 2700°F zone as described above. In various embodiments, automatic feedback
loops are provided between the mercury monitoring apparatus and the sorbent teed
apparatus. This allows for a constant monitoring of emitted mercury and adjustment of
sorbent addition rates to control the process.

[0039] Along with the mercury sorbent, a sulfur sorbent is preferably added to
control the release of sulfur into the enviromﬁent. In various embodiments, the sulfur
sorbent is added into the coal burning system at the same places the mercury sorbent is
added. The sulfur sorbent can also be added at other places, depending on technical
feasibility. In various embodiments, the components of the mercury sorbent and sulfur are
combined into a single sorbent added to the coal or injected into the convective pathway.
The sorbents, either separately or combined, are added in the form of a liquid or a solid.
Solid compositions are usually in the form of a powder.

[0040] The sulfur sorbent preferably contains calcium at a level at least equal,

on a molar basis, to the sulfur level present in the coal being burned. As a rule of thumb,

12
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the calcium level should be no more than about three times, on a molar basis, the level of
sulfur. The 1:1 Ca:S level is preferred for efficient sulfur removal, and the upper 3:1 ratio
is preferred to avoid production of excess ash from the combustion process. Treatment
levels outside the preferred ranges are also part of the invention. Suitable sulfur sorbents
are described, for example, in co-owned provisional application 60/583,420, filed June 23,
- 2004

[0041] Preferred sulfur sorbents include basic powders that contain calcium
salts such as calcium oxide, hydroxide, and carbonate. Other basic powders containing
calcium include portland cement, cement kiln dust, and lime kiln dust. In various
embodiments, the sulfur sorbent also contains an aluminosilicate clay, montmorillonite,
and/or kaolin. Preferably the sulfur sorbent contains suitable levels of silica and alumina
(in a preferred embodiment, at least about 2% by weight of each) to form refractory
materials with calcium sulfate formed by combustion of sulfur-containing coal. Silica and
alumina can be added separately or as components of other materials such as Portland
cement. In various embodiments, the sulfur sorbent also contains a suitable level of
magnesium as MgO, contributed for example by dolomite or as a component of portland
cement. In a non-limiting example, the sulfur sorbent contains 60-71% CaO, 12-15%
Si0,, 4-18% Al,03, 1-4% Fe03, 0.5-1.5% MgO, and 0.1-0.5% NaO.

[0042] The mercury and sulfur sorbents can be added together or separately.
For convenience, the components of the mercury and sulfur sorbents can be combined
before addition onto the coal or injection into the convective pathways. In a preferred
embodiment, the mercury sorbent contains calcium in addition to a source of halogen. In
various embodiments, the mercury sorbent composition further comprises components that
also reduce sulfur. The invention provides for addition of various sorbent compositions
into the coal burning system to reduce emissions of mercury and, preferably, also of

sulfur.

[0043] In various embodiments, sulfur and mercury sorbents are added
separately. For example, a mercury sorbent is added to the coal pre-combustion and a
sulfur sorbent is added post-combustion. Alternatively, a mercury sorbent is added post-
combustion, while a sulfur sorbent 1s added pre-combusﬁon. No matter the mode of
addition, in a preferred embodiment the rate of addition of the various sorbents is adjusted

as required on the basis of values of emitted sulfur and mercury determined by monitoring.
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[0044] Mercury and sulfur sorbents are added at levels required to achieve the
desired amount of reduced emissions. Preferred mercury reduction 1s 70% or more,
preferably 80% or more, and more preferable 90% or more, based on the total mercury in
the coal being burned. On a weight basis, the mercury sorbent is generally added at a
level of about 0.01 to 10% based on the weight of the coal. Preferred ranges include 0.05
to 5% and 0.1 to 1% by weight. The treat level varies depending on the content of halogen
in the sorbent and the desired level of mercury emissions to be achieved. A level of 0.3%
is suitable for many embodiments. In various embodiments, the initial treat level is
adjusted up or down as required to achieve a desired emission level, based on monitoring
as discussed above. The sorbent can be added in batch or continuously. In embodiments
with continuous addition of sorbent, the treat levels are based on the feed rate of the coal
being burned. Where the sorbent is added in batch, such as at the coal producer or at a
separate mixing facility, the treat level is based on the weight of the coal being treated. In
a preferred embodiment, the rate of addition or the treat level is adjusted based on a
determination of emitted levels of mercury.

[0045] Likewise, sulfur sorbent is added at a level or rate satisfactory for
reducing the level of emitted sulfur to an acceptable or desired level. In various
embodiments, about 1 to 9% by weight of sulfur sorbent is added. The level or rate can be
adjusted if desired based on the level of emitted sulfur determined by monitoring.

[0046] In preferred embodiments, mercury and sulfur are monitored using
industry standard methods such as those published by the American Society for Testing
and Materials (ASTM) or international standards published by the International Standards
Organization (ISO).  An apparatus comprising an analytical instrument is preferably
disposed in the convective pathway downstream of the addition points of the mercury and
sulfur sorbents. In a preferred embodiment, a mercury monitor is disposed on the clean
side of the particulate control system. In various embodiments, a measured level of
mercury or sulfur is used to provide feedback signals to pumps, solenoids, sprayers, and
other devices that are actuated or controlled to adjust the rate of addition of a sorbent
composition into the coal burning system. Alternatively or in addition, the rate of sorbent

addition can be adjusted by a human operator based on the observed levels of mercury

and/or sulfur.
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[0047] To further illustrate, one embodiment of the present invention involves
the addition of liquid mercury sorbent containing calcium bromide and water directly to
" raw or crushed coal prior to combustion. Addition of liquid mercury sorbent containing
calcium bromide ranges from 0.1 to 5%, preferably from .025 to 2.5% on a wet basis,
calculated assuming the calcium bromide is about 50% by weight of the sorbent. In a
typical embodiment, approximately 1% of liquid sorbent containing 50% calcium bromide
is added onto the coal prior to combustion.

[0048] In another embodiment, the invention involves the addition of calcium
bromide solution both directly to the fuel and also in a zone of the furnace characterized
by a temperature in the range of 2200°F to 1500°F. In this embodiment, liquid mercury
sorbent is added both before combustion and after combustion. Preferred treat levels of
calcium bromide can be divided between the pre-combustion and post-combustion
addition in any proportion.

[0049] In another embodiment, the invention provides for an addition of a
calcium bromide solution such as discussed above, solely into the gaseous stream in a
zone of the furnace characterized by a temperature in the range of 2200°F to 1500°F.

[0050] The invention has been described above with respect to various
preferred embodiments. Further non-limiting disclosure of the invention is provided in the
Examples that follow. They illustrate the effectiveness of the invention when a liquid only

and a liquid/solid sorbent system is applied for mercury remediation of fuels.

| EXAMPLES
[0051] In the Examples, coals of varying BTU value, sulfur, and mercury
content are burned in the CTF furnace at the Energy Environmental Research Center
(EERC) at the University of North Dakota. Percent mercury and sulfur reductions are

reported based on the total amount of the element in the coal prior to combustion.

Example |

[0052] This example illustrates the mercury sorption ability of a calcium
bromide/water solution when applied to a Powder River basin sub-bituminous coal. The
as-fired coal has a moisture content of 2.408%, ash content of 4.83%, sulfur content of

0.29%, a heating value of 8,999 BTU and a mercury content of 0.122 pg /g. Combustion
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without sorbent results in a mercury concentration of 13.9 pg/m’ in the exhaust gas. The
fuel is ground to 70% passing 200 mesh and blended with 6% of a sorbent powder and
0.5% of a sorbent liquid, based on the weight of the coal. The powder contains by weight
40-45% Portland cement, 40-45% calcium oxide, and the remainder calcium or sodium
montmorillonite. The liquid 1s a 50% by weight solution of calcium bromide in water.
[0053] The sorbents are mixed directly with the fuel for three minutes and then
stored for combustion. The treated coal i1s fed to the furnace. Combustion results in a
90% mercury (total) removal at the bag house outlet and a 80% removal of sulfur as

measured at the bag house outlet.

Example 2

[0054] This example illustrates the use of powder and liquid sorbents applied

to three bituminous coals of varying mercury content. All coals are prepared as in

example #1, with the same addition levels of sorbents.

Parameter Coal % of Mercury % Sulfur
Removal Removal
% Moisture | 8.48 Pittsburgh, 97.97 40.0
% Sulfur 2.28 Seam, Bailey |
Mercury 16.2 png /m° | Coal
| BTU value 13,324
% Moisture 10.46 Freeman Crown
% Sulfur 4.24 I 97.9 36.0
Mercury 8.53 ug /m’
BTU value 11,824
Kentucky
% Moisture 1.0 Blend 90.1 52.0
% Sulfur 1.25
Mercury 5.26 ng /m’ ‘
BTU value 12,937 I
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Example 3

[00565] This example illustrates addition of a mercury sorbent post-combustion.
Pittsburgh Seam-Bailey Coal is ground to 70% passing 200 mesh. No sorbent was added
to the fuel pre-combustion. Liquid sorbent containing 50% calcium bromide in water 1s
duct injected into the gaseous stream of the furnace in the 2200°F — 1500°F zone. The

liquid sorbent is injected at the rate of approximately 1.5% by weight of the coal.

Coal Type | Sorbent % S reduction # Hg
Composition Reduction
Pittsburgh 50% CaBr, | 28.13 96.0 |
Seam-Bailey |  50% H20
Coal

Example 4

This example illustrates addition of a liquid and a powder sorbent post-combustion. No
sorbent was added directly to the fuel. Both fuels are bituminous and noted as Freeman
Crown III and Pittsburgh Seam — Bailey Coal. In both cases the coal was ground to 70%
minus 200 mesh prior to combustion. The powder and liquid sorbents are as used in
Example . Rates of liquid and powder addition (percentages based on the weight of the

coal being burned), as well as mercury and sulfur reduction levels, are presented In the

table.
| Coal Type 1 Liquid sorbent | Powder sorbent S Reduction | Hg Reduction
injection rate | injection rate
| Freeman Crown | 1.0 4.0 36.27 97.89
1] |
|
Pittsburgh
Seam — Bailey |
Coal 1.5 6.10 33.90 96.00
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Example 5

[0056]  Pittsburgh Seam Bailey Coal is prepared as in Example 1. The powder
sorbent of Example 1 is added to the coal pre-combustion at 9.5% by weight. The liquid

sorbent of Example 1 (50% calcium bromide in water) is injected post-combustion in the

1500°F — 2200°F zone at a rate of 0.77%, based on the burn rate of the coal. Sulfur
reduction is 56.89% and mercury reduction 1s 93.67%.

Example 6

[0057] Kentucky Blend Coal is prepared as in Example 1. The powder sorbent
of Example 1 is added to the coal pre-combustion at 6% by weight. The liquid sorbent of
Example 1 (50% calcium bromide in water) is injected post-combustion in the 1500°F —
2200°F zone at a rate of 2.63%, based on the burn rate of the coal. Sulfur reduction is
54.91% and mercury reduction 1s 93.0%.

[0058] Although the invention has been set forth above with an enabling
description, it is to be understood that the invention is not limited to the disclosed
embodiments. Variations and modifications that would occur to the person of skill in the
art upon reading the description are also within the scope of the invention, which is
defined in the appended claims.

[0069] 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. The claims are not to be limited to the

preferred or exemplified embodiments of the invention.
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WHAT IS CLAIMED IS:

1. A method for reducing emissions of mercury arising from combustion of mercury
containing fuels in a fuel burning facility, the method comprising:

applying a sorbent composition onto the fuel, wherein the sorbent composition
comprises a halogen compound and a source of calcium;

delivering the fuel with the sorbent composition applied into a furnace of the
facility;

combusting the fuel with the sorbent composition in the furnace to produce
combustion gases and ash;

removing the ash from the combustion gases by capturing it in a particulate
removal system disposed in a convective pathway of the facility downstream of the
furnace:;

measuring the level of mercury and sulfur remaining in the combustion gases after
capture of the ash; and

adjusting the rate of calcium addition according to the measured level of sulfur.

2. A method according to claim 1, wherein the sorbent composition comprises an

inorganic source of bromine.

3. A method according to claim 1, wherein the sorbent composition comprises an

organic bromine compound.

4. A method according to claim 1, wherein the sorbent composition comprises
calcium oxide, calcium hydroxide, calcium carbonate, calcium bicarbonate, calcium
sultate, calcium bisulfate, calcium nitrate, calcium nitrite, calcium acetate, calcium citrate,

calcium phosphate, or calcium hydrogen phosphate.

5. A method according to claim 1, wherein the sorbent composition comprises a

calcium mineral.

0. A method according to claim 1, wherein the sorbent composition comprises an

organic calcium compound.
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7. A method according to claim 1, wherein the sorbent composition comprises a basic

powder containing calcium.

3. A method according to claim 7, wherein the basic powder 1s selected from portland

cement, cement kiln dust, and lime kiln dust.

9. A method according to claim 1, wherein the sorbent composition comprises an

aluminosilicate clay.

10. A method according to claim 1, wherein the sorbent composition comprises an

10dine compound.

11. A method according to claim 10, wherein the sorbent composition comprises an

10dine containing salt of an alkali metal or an alkaline earth metal.

12. A method for reducing emissions of mercury arising from combustion of mercury
containing fuels 1n a fuel burning facility, the method comprising:

applying a sorbent composition onto the fuel;

delivering the fuel with the sorbent composition applied into a furnace of the
facility;

combusting the fuel with the sorbent composition in the furnace to produce
combustion gases and ash;

removing the ash from the combustion gases by capturing 1t in a particulate
removal system disposed in a convective pathway of the facility downstream of the
furnace;

measuring the level of mercury and/or sulfur remaining in the combustion gases
after capture of the ash; and

adjusting the rate of sorbent addition according to the measured level of mercury
and/or sulfur,

wherein the sorbent composition comprises an organic halogen compound and a

source of calcium.
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13. A method according to claim 12, comprising measuring sulfur 1n the combustion

gases and adjusting the rate of calcium added according to the measured level of sultur.

14. A method according to claim 12, wherein the sorbent composition comprises
calcium oxide, calcium hydroxide, calcium carbonate, calcium bicarbonate, calcium
sulfate, calcium bisulfate, calcium nitrate, calcium nitrite, calcium acetate, calcium citrate,

calcium phosphate, or calcium hydrogen phosphate.

15. A method according to claim 12, wherein the sorbent composition comprises a

calcium mineral.

16. A method according to claim 12, wherein the sorbent composition comprises an

organic calicium compound.

17. A method according to claim 12, wherein the sorbent composition comprises a

basic powder containing calcium.

18. A method according to claim 17, wherein the basic powder 1s selected from

portland cement, cement kiln dust, and lime kiln dust.

19. A method according to claim 12, wherein the sorbent composition comprises an

aluminosilicate clay.

20. A method for reducing emissions of mercury arising from combustion of mercury
containing fuels 1n a fuel burning facility, the method comprising:

applying a sorbent composition onto the fuel;

delivering the fuel with the sorbent composition applied into a furnace of the
facility;

combusting the fuel with the sorbent composition in the furnace to produce

combustion gases and ash;
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removing the ash from the combustion gases by capturing it in a particulate
removal system disposed in a convective pathway of the facility downstream of the
furnace:

measuring the level of mercury and/or sulfur remaining in the combustion gases
after capture of the ash; and

adjusting the ratc of sorbent addition according to the measured level of mercury
and/or sulfur,

wherein the sorbent composition comprises a halogen compound and a source of
calcium selected from calcium oxide, calcium hydroxide, calcium carbonate, calcium
bicarbonate, calcium sulfate, calcium bisulfate, calcium nitrate, calcium nitrite, calcium

acetate, calcium citrate, calcium phosphate, and calcium hydrogen phosphate.

21. A method for reducing emissions of mercury arising from combustion of mercury
containing fuels in a fuel burning facility, the method comprising:

applying a sorbent composition onto the fuel;

delivering the fuel with the sorbent composition applied into a furnace of the
facility;

combusting the fuel with the sorbent composition in the furnace to produce
combustion gases and ash;

removing the ash from the combustion gases by capturing it in a particulate
removal system disposed in a convective pathway of the facility downstream of the
furnace:

measuring the level of mercury and/or sulfur remaining in the combustion gases
atter capture of the ash; and

adjusting the rate of sorbent addition according to the measured level of mercury
and/or sulfur,

wherein the sorbent composition comprises a halogen compound and an organic

calcium compound.
22. A method for reducing emissions of mercury arising from combustion of mercury

containing fuels in a fuel burning facility, the method comprising:

applying a sorbent composition onto the fuel:

22

CA 2968816 2018-12-17



delivering the fuel with the sorbent composition applied into a furnace of the
facility;

combusting the fuel with the sorbent composition in the furnace to produce
combustion gases and ash;

removing the ash from the combustion gases by capturing it in a particulate
removal system disposed in a convective pathway of the facility downstream of the
furnace;

measuring the level of mercury and/or sulfur remaining in the combustion gases
atter capture of the ash; and

adjusting the rate of sorbent addition according to the measured level of mercury
and/or sulfur,

wherein the sorbent composition comprises a halogen compound and a basic

powder sclected from the group consisting of Portland cement, cement kiln dust, and lime

kiln dust.

23. A method according to claim 22, comprising measuring sulfur in the combustion

gases and adjusting the rate of calcium added according to the measured level of sulfur.

24. A method according to claim 22, wherein the sorbent composition comprises an

1norganic source of bromine.

25. A method according to claim 22, wherein the sorbent composition comprises an

organic bromine compound.

26. A method according to claim 22, wherein the sorbent composition comprises an

aluminosilicate clay.

27. A method according to claim 22, wherein the sorbent composition comprises an

iodine compound.

28. A method according to claim 27, wherein the sorbent composition comprises an

1odine containing salt of an alkali metal or an alkaline earth metal.
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29. A method for reducing emissions of mercury arising from combustion of mercury
containing fuels in a fuel burning facility, the method comprising;:

applying a sorbent composition onto the fuel;

delivering the fuel with the sorbent composition applied into a furnace of the
facility;

combusting the fuel with the sorbent composition in the furnace to produce
combustion gases and ash;

removing the ash from the combustion gases by capturing it in a particulate
removal system disposed in a convective pathway of the facility downstream of the
furnace;

measuring the level of mercury and/or sulfur remaining in the combustion gases
atter capture of the ash; and

adjusting the rate of sorbent addition according to the measured level of mercury
and/or sulfur,

wherein the sorbent composition comprises a halogen compound and an

aluminosilicate clay.

30. A method according to claim 29, wherein the sorbent composition comprises an

inorganic source of bromine.

31. A method according to claim 29, wherein the sorbent composition comprises an

organic bromine compound.

32. A method according to claim 29, wherein the sorbent composition further

comprises calcium oxide, calcium hydroxide, calcium carbonate, calcium bicarbonate,
calcium sulfate, calcium bisulfate, calcium nitrate, calcium nitrite, calcium acctate,

calcium citrate, calcium phosphate, or calcium hydrogen phosphate.

33. A method according to claim 29, wherein the sorbent composition further

comprises a calcium mineral.

24

CA 2968816 2018-12-17



34. A method according to claim 29, wherein the sorbent composition further

comprises an organic calcium compound.

35. A method according to claim 29, wherein the sorbent composition further

comprises a basic powder containing calcium.

36. A method according to claim 35, wherein the basic powder is selected from

portland cement, cement kiln dust, and lime kiln dust.

37. A method according to claim 29, wherein the sorbent composition comprises an

1odine compound.

38. A method according to claim 37, wherein the sorbent composition comprises an

10dine containing salt of an alkali metal or an alkaline carth metal.

39. A method for reducing emissions of mercury arising from combustion of mercury
containing fuels in a fuel burning facility, the method comprising:

applying a sorbent composition onto the fuel;

delivering the fuel with the sorbent composition applied into a furnace of the
facility;

combusting the fucl with the sorbent composition in the furnace to produce
combustion gases and ash:

removing the ash from the combustion gases by capturing it in a particulate

removal system disposed in a convective pathway of the facility downstream of the

furnace;

measuring the level of mercury and/or sulfur remaining in the combustion gases
after capture of the ash; and

adjusting the rate of sorbent addition according to the measured level of mercury
and/or sulfur,

wherein the sorbent composition comprises an iodine compound and a source of

calcium.
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40. A method according to claim 39, comprising measuring sulfur in the combustion

gases and adjusting the rate of calcium added according to the measured level of sulfur.

41. A method according to claim 39, wherein the sorbent composition comprises
calcrum oxide, calcium hydroxide, calcium carbonate, calcium bicarbonate, calcium
sulfate, calcium bisulfate, calcium nitrate, calcium nitrite, calcium acetate, calcium citrate,

calcium phosphate, or calcium hydrogen phosphate.

42. A method according to claim 39, wherein the sorbent composition comprises a

calcium mineral.

43. A method according to claim 39, wherein the sorbent composition comprises an

organic calcium compound.

44. A method according to claim 39, wherein the sorbent composition comprises a

basic powder containing calcium.

45. A method according to claim 44, wherein the basic powder is selected from

portland cement, cement kiln dust, and lime kiln dust.

46. A method according to claim 39, wherein the sorbent composition further

comprises an aluminosilicate clay.

47. A method according to claim 39, wherein the sorbent composition comprises an

iodine containing salt of an alkali metal or an alkaline earth metal.
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