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REDUCING SULFUR GAS EMISSIONS RESULTING FROM
THE BURNING OF CARBONACEOUS FUELS

INTRODUCTION

[0001] The present invention relates to processes and compositions for
decreasing emissions of sulfur gases upon combustion of carbonaceous materials. In
particular, powder and liquid sorbent compositions are added to coal to capture sulfur
in the ash and prevent release of sulfur oxides into the atmosphere.

[0002] Cost effective energy sources necessary for sustaining economic
growth and national well-being are becoming more difficult to identify and develop.
Increasing costs of fuels such as oil, gas and propane have led to an extensive
examination of other available energy sources. Two of the most cost ettective sources
of energy are nuclear power and coal power. Given public concerns with nuclear
energy and its long-term disposal challenges, more emphasis is being placed on coal-
generated power.

[0003] Significant coal resources exist in the United States and elsewhere.
According to some estimates, known reserves are capable of meeting large portions of
our energy needs into the next two centuries. In the United States, low BTU value coal
is found in the Powder River Basin of Wyoming/Montana, lignite deposits in the north
central region (North and South Dakota), sub-bituminous deposits of the East
Pittsburgh seam in Pennsylvania, Ohio and West Virginia, and bituminous coal is found
in the Illinois Basin. Except for the Powder River Basin coals, the United States coals
tend to be characterized as having a high sulfur content. Although low sulfur coal can
be shipped to other locations to provide a relatively clean burning fuel, it is more cost
effective for utilities to burn locally produced coal. In most parts of the world this
means burning a higher sulfur coal to satisfy society’s energy needs.

[0004] The burning of high sulfur coal releases a significant amount of
sulfur-containing gases, which can cause acid rain and other harmful effects if allowed
to escape from the coal burning facility. Utilities and other coal consumers are
constantly striving to reduce or eliminate the amount of sulfur given off by power
plants and coal powered boilers, in order to protect the environment and the health of
its workers and customers. One effective strategy involves retrofitting older coal
burning facilities with wet scrubbers for sulfur capture. These facilities are typically

large in size and consume up to 5% of the energy generated by the plant. Although



10

15

20

25

30

CA 02571471 2006-12-28

WO 2006/006978 PCT/US2005/011881

widely used, their cost is becoming almost prohibitively expensive, which leads to rate
hikes that must be borne ultimately by the consumer or rate payer.

[0005] An alternative to wet scrubbing for removal of sulfur is the
application of sulfur sorbing and stabilizing materials to the coal. Much work has been
done in this area due to its ease of application and elimination of high capital costs for
equipment as needed in wet scrubbing operations. Application of sulfur sorbent
directly to the coal has the advantage of a long retention time with the furnace gases
thus allowing for greater sulfur capture.

[0006] U.S. Patent no. 4,824,441 by Kindig discusses several methods that
have been tried in attempting to improve sulfur capture. Kelly, et al., concluded (first
joint symposium on Dry SO, and simultaneous SO»/NOx Control Technologies, EPA
600/9-85-020a, Paper no. 14, July 1985) that sulfur sorbents should be injected
downstream to avoid high peak temperatures in the combustion zone. It was also
suggested that the residence time of calcium-based sorbents should be maximized in the
1800-2250F° zone of the furnace. Work conducted by Dykema (U.S. Patent No.

4,807,542) suggests the use of silicon to help optimize sulfur capture when combined

with CaO as a remediation agent. Steinberg in U.S. Patent No. 4,602,918 and

4,555,392 has suggested the use of Portland cement as a sorbent for coal.

[0007] As these references indicate, there is a need for cost etfective
remediation of sulfur, nitrogen, mercury and chlorine resulting form the combustion of
coal. More efficient and less costly removal techniques are still needed in order to

effectively develop and utilize high sulfur coal resources.

SUMMARY

[0008] In various embodiments, the invention provides a process for
burning coal or other carbonaceous fuels wherein sulfur and other undesirable
compounds are captured and retained in non-reactive ceramic-like form after the
combustion phase. In various embodiments, a variety of liquid and powder sorbents
are added to the coal before combustion to remove sulfur and other undesirable
elements from the volatile combustion products.

[0009] In various embodiments, the process of the present invention
involves the capture of sulfur in a calcium and ceramic based matrix utilizing multiple

element alkali powders and/or strongly oxidizing calcium and bromide based nitrates
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and nitrites. These remediation materials when applied in a complex powder
containing multiple elements result in superior sulfur capture than these elements
would otherwise achieve on an individual basis. In some embodiments, the materials
contain bentonites and metakaolins, which will aid in raising the melting point of the
ash thus minimizing oxidation and decreasing ash toughness, adhesion, and slagging.
[0010] Powder sorbent compositions contain inorganic materials that
provide sources of silicon, aluminum, calcium, iron, and magnesium. In a preferred
embodiment, the powder sorbent contains Portland cement, calcium oxide, optionally a
clay, and a dolomitic material. It has been found that addition of the powder absorbent
to coal before combustion mitigates or reduces the amount of sulfur gases produced
during burning of the coal, or equivalently increases the amount of sulfur contained 1n
the ash after combustion. Advantageously, the sorbent may be added to the coal at
levels at up to six % by weight, avoiding large buildups of ash during combustion.
[0011] In various embodiments, powder sorbents are provided that reduce
the amount of mercury and/or chlorine in the combustion gas as well as the amount of
sulfur. Preferred powder sorbents for mitigation or reduction of mercury contain 1n
addition to the metals indicated above a component comprising a water soluble chlorine
containing inorganic compound. Additionally, the mercury sorbents preferably contain
additional components selected from the group consisting of potassium and sodium
silicates, hydroxides, and oxides. In a preferred embodiment, the mercury sorbent
contains Portland cement, sodium chloride, calcium oxide, metakaolin, and at least one
alkali metal salt selected from the group consisting of silicates, hydroxides, and oxides.
[0012] In preferred embodiments, the respective powder sorbents further
comprise components that contribute oxidizing anions to the sorbent composition.
Preferred oxidizing anions include nitrates and nitrites. The oxidizing anions may be
added in the form of calcium nitrate and calcium nitrite, or as other oxidizing anion
salts, depending on the level of calcium otherwise provided in sorbent composition and
other factors.
[0013] The oxidizing anions may be added to the powder sorbent
composition in the form of solid inorganic salts. In a preferred embodiment, the
oxidizing anions such as nitrites and nitrates are applied to the coal in a separate step.

In a preferred embodiment, an aqueous solution comprising about 20% to 80% of
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inorganic salts comprising the oxidizing anions is applied to the coal. Preferably, the
solution is applied to the coal before a powder sorbent is applied.

[0014] In a preferred embodiment, a liquid sorbent comprising calcium or
other salts of nitrates and nitrites is applied to the coal. Thereafter, the powder sorbent
systems described above are applied to the wetted coal, to form a combustible coal
composition. Alternatively, a liquid or solid sorbent composition containing calcium
nitrate and calcium nitrite may be added to the coal and the coal further combusted,
with an observed reduction in the amount of sulfur gases being released into the
atmosphere, while at the same time the amount of sulfur in the ash is observed to
increase.

[0015] The sorbents can be added directly to raw coal or to crushed and
pulverized fuel. Liquid sorbents may be added through a spray bar system added
directly to the fuel as it passes over a belt or other transport system. Alternatively, the
liquid may be added into a mixer where the fuel is mixed with the liquid sorbent prior
to combustion. The powder sorbents are preferably added to a crushed or pulverized
fuel in a mixer system prior to combustion. As discussed, in a preferred embodiment,
the powder sorbents are added to coal that has already been wetted with a liquid sorbent
system. It is preferred to add the sorbents in such a way as to maximize contact time
between the sorbent and the fuel during combustion. This in turn will result in sintering
of the calcium and sulfur elements in the boiler to a preferred extent. Conveniently,
liquid sulfur sorbents are generally added in the ratio of sorbent to sulfur of between
one and two. Such addition levels are generally sufficient to adsorb sulfur and fuels
having sulfur content ranging from about 2% to about 4.5%. Typical additions
comprise adding about 6% by weight of sorbent, related to the weight of the raw fuel
feed.

[0016] In various embodiments, the process of the invention involves the
capture of sulfur in a calcium and ceramic based matrix utilizing multiple element
alkali powders, optionally together with oxidizing anions such as nitrates and nitrites,
preferably based on calcium. The remediation materials, when applied in a complex
powder containing multiple elements, result in higher sulfur capture than the materials
would otherwise achieve on an individual basis. In a preferred embodiment, the
powder sorbents contain clays coupled with iron and other elements. It is believed that

the presence of these elements acts to minimize or lower the melting point of the ash.
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This leads to lowered cohesiveness and toughness of the ash so that less ash builds up
on the boiler and better heat transfer is obtained. This minimization of slagging, or
buildup of the ash on the boiler during combustion, provides advantages to the use of
the compositions and processes of the invention.

[0017] 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 some preferred
embodiments of the invention, are intended for purposes of illustration only and are not

intended to limit the scope of the invention.

DESCRIPTION

[0018] The following description of the preferred embodiment(s) is merely
exemplary in nature and is in no way intended to limit the invention, its application, or
uses.

[0019] In various embodiments, the invention provides liquid and powder
sorbent compositions and methods for applying them to carbonaceous fuel. Coal is a
preferred carbonaceous fuel to use in embodiments of the invention. When coal or
other carbonaceous fuel containing sulfur is burned, sulfur gases are released into the
atmosphere. Likewise, if the coal or other carbonaceous fuel contains chlorine or
mercury, those elements may be released into the atmosphere. Because the sulfur,
chlorine, and mercury thus released would otherwise pollute the atmosphere, it is
desirable to prevent or reduce that release by use of liquid and powder sorbents of the
invention.

[0020] By use of some of the embodiments of methods and compositions of
the invention, upon combustion of the carbonaceous fuel to release its stored energy,
the amount of sulfur gases in the combustion product is reduced, and the amount of
sulfur in the ash is increased, relative to the amount of sulfur gases and ash sulfur,
respectively, that would be produced by combustion of the carbonaceous fuel without
applying the liquid and/or powder sorbent compositions of the invention.

[0021] The liquid and sorbent compositions of the invention contain a
variety of inorganic components that are sources of active elements and compounds 1n
the compositions. Some of the components are water soluble and are conveniently

applied as part of a liquid sorbent composition. Other components of the sorbent
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compositions of the invention are water insoluble and are therefore preferably added as
solids, or as part of so-called powder compositions, to the carbonaceous fuel by a
variety of physical processes, including mixing. In various embodiments it 18 preterred
to add both a liquid and a powder sorbent composition to the carbonaceous fuel, to
achieve the advantages of the invention discussed further below.

[0022] In other embodiments, combustible carbonaceous fuel compositions
are provided that are the product of the application or addition of the various powder
and/or liquid sorbent compositions onto the carbonaceous fuel. In practicing the

combustible carbonaceous fuel compositions of the invention, it is to be appreciated

‘that the inorganic materials applied to the carbonaceous fuel to provide the

compositions may be added in a variety of ways, including application of various liquid
and powder sorbents of the invention.

[0023] In various preferred embodiments, compositions and methods of the
invention may be used to remediate or mitigate the amount of mercury and other
harmful elements released into the atmosphere upon combustion of carbonaceous fuels.
As discussed in further detail below, compositions and methods that reduce the amount
of mercury or chlorine emitted are made and practiced in essentially the same way as
for those compositions that are more directly drawn to sulfur gas remediation.

[0024] In one embodiment, the invention provides a method of applying a
sorbent composition onto a carbonaceous fuel and combusting the carbonaceous fuel to
release the energy stored. The sorbent composition contains a source of calcium ion
and a source of an oxidizing anion. An oxidizing anion is one that facilitates the
oxidation of sulfur in the carbonaceous fuel to sulfate and other non-volatile
components that wind up in the ash of the burned carbonaceous fuel. Non-limiting
examples of oxidizing anions include nitrate and nitrite anions. In a preferred
embodiment, the sorbent corﬁposition contains calcium nitrite and/or calcium nitrate.
In various embodiments, the sorbent composition further comprises calcium bromide.

[0025] In one embodiment of the invention, the sorbent composition 18
applied onto the carbonaceous fuel by applying an aqueous solution containing the
calcium and oxidizing anion onto the fuel. An effective amount of the sorbent
composition is applied onto the carbonaceous fuel to reduce the amount of sulfur gases
released into the atmosphere upon combustion. In various embodiments, up to 6% of

the sorbent composition is added onto the fuel. In various other embodiments, up to
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3% or up to 1.5% of the sorbent composition is applied to the fuel, the percentages
being based on the dry weight of the fuel. Higher amounts of the sorbents can be
applied as well.

[0026] In various other preferred embodiments, the sorbent composition
further contains inorganic sources of a variety of elements shown to be helpful in
reducing the amount of sulfur gases emitted during combustion. In a preferred
embodiment, the sorbent composition further contains inorganic sources of silicon,
aluminum, and iron. Preferably, the sorbent further comprises an inorganic source of
magnesium. The sorbent may contain additional insoluble inorganic sources of calcium
such as calcium oxide. In a non-limiting example, the method comprises adding
powder composition containing silicon, aluminum, calcium, 1ron, and magnesium onto
the carbonaceous fuel. The elements may be provided in the form of components such
as Portland cement, dolomite, and bumnt dolomite. In a particularly preferred
embodiment, the method comprises applying an aqueous solution containing calcium
nitrate and calcium nitrite onto particulate carbonaceous fuel such as coal, and adding a
powder composition containing silicon, aluminum, calcium, iron, and magnesium onto
the wetted fuel.

[0027] In an alternative embodiment, the sorbent composition contains
Portland cement, calcium oxide, a dolomitic material selected from the group
consisting of dolomite and burnt dolomite, and preferably an aluminosilicate clay.
Preferably, up to 6% by weight, up to 3% by weight, or up to 1.5% by weight of the
sorbent composition is added onto the fuel, based on the dry weight of the sorbent
composition and the fuel.

[0028] The clay may be selected from a wide variety of materials. Preferred
clays include calcium montmorillonite, sodium montmorillonite, kaolin, and
combinations thereof. In a non-limiting example, the sorbent composition comprises
about 20% to about 50% by weight Portland cement, about 20% to about 40% by
weight calcium oxide, about 15% to about 25% by weight of the dolomitic material,
and about 5 to about 15 weight percent of the clay. An exemplary sorbent composition
comprises about 30% by weight Portland cement, about 40% by weight calcium oxide,
about 20% by weight dolomitic material, and about 10% clay.

[0029] The sorbent composition may further comprise an oxidizing salt

selected from the group consisting of soluble metal nitrates, soluble metal nitrites, and
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combinations thereof. Preferred soluble metal nitrates and nitrites include those of the
alkali metals and the alkaline earth metals. Calcium nitrate and calcium nitrite, as well
as their combination, are particularly preferred oxidizing salts.

[0030] When the sorbent composition contains oxidizing salts, the oxidizing
salts may be applied to the fuel in an aqueous solution containing the soluble metal
nitrates and nitrites discussed above. Thus, in a preferred embodiment, a solution of
nitrates and/or nitrites, such as calcium nitrate and calcium nitrite, may be applied in an
aqueous solution to the fuel, followed by application of a solid or powder sorbent
composition containing Portland cement, calcium oxide, a dolomitic material as
discussed above, and preferably a clay as discussed above. Preferably, up to 6 weight
percent of the sorbent composition is applied to the fuel. In various embodiments, up
to 3 weight percent of a powder composition as described above and up to 3 weight
percent of a liquid sorbent composition may be applied. In a particularly preferred
embodiment, up to 3 weight percent of the powder composition may be applied to the
fuel as well as up to 1.5 weight percent of the solids in the liquid sorbent, based on the
weight of the carbonaceous fuel.

[0031] In an alternative embodiment of applying a powder sorbent
composition onto carbonaceous fuel and combusting the fuel, the sorbent composition
applied to the fuel contains Portland cement, at least one water soluble chlorine
containing inorganic compound, calcium oxide, optionally and preferably a clay, and at
least one alkali metal salt selected from the group consisting of sodium silicate,
potassium silicate, sodium hydroxide, potassium hydroxide, sodium oxide, and
potassium oxide. In some embodiments, it has been found that adding such powder
sorbent composition reduces the amount of mercury in the combustion products as well
as the amount of sulfur.

[0032] The water soluble chlorine containing inorganic compound 1s
believed to provide chlorine in a form that interacts with mercury from the coal to form
non-volatile combustion products. The water solubility of the chlorine containing
compound is believed to aid in its adsorption on the coal prior to combustion, and an
intimate mixing with the mercury containing fuel. A wide variety of water soluble
chlorine containing inorganic compounds is known. Non-limiting examples include

sodium chloride, potassium chloride, sodium chlorate, and potassium chlorate.
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[0033] The sorbent composition applied to remediate mercury and sulfur
contains the individual components in amounts sufficient to effectively remove or
reduce the amount of sulfur and mercury emitted from the combustion process. In a
non-limiting exemplary embodiment, the sorbent composition comprises about 20 to
about 30% weight Portland cement, about 2 to about 5% weight inorganic chlorine
compound, about 20 to about 40% weight calcium oxide, about 20 to about 30% weight
of the clay, and about 1 to about 9% weight of the alkali metal salt. The sorbent
composition may further comprise at least one oxidizing salt as discussed above.
Preferred oxidizing salts include calcium nitrate, calcium nitrite, and combinations
thereof. As discussed above, a preferred embodiment includes applying a liquid
sorbent containing at least one of the oxidizing salts onto the carbonaceous fuel.
Before or after addition of the liquid sorbent, but preferably after, the powder sorbent
composition described above may be mixed with the fuel.

[0034] In an alternative preferred embodiment, the liquid sorbent added to
the carbonaceous fuel contains not the oxidizing salts or anions discussed above, but
rather at least one alkali metal salt selected from the group consisting of potassium
silicate, sodium silicate, potassium hydroxide, and sodium hydroxide. The liquid
sorbent may be added to the carbonaceous fuel either before or after the powder
composition is applied. :

[0035] In some embodiments, only a liquid sorbent is applied onto the coal
before combustion, without the necessity of adding an additional powder composition.
In a preferred embodiment, the liquid is made up of water and dissolved solids. The
dissolved solids are made of a calcium salt or salts selected from the group consisting
of calcium nitrate, calcium nitrite, and combinations thereof, as well as other optional
water soluble components. In preferred embodiments, up to 6% weight of the solids i
the liquid sorbent is applied onto the coal. More than 6% weight may be applied,
however, it is desired to keep the addition of solids to a minimum to avoid the need for
expensive handling of ash after combustion. In another preferred embodiment, up to
3% weight of the solids in the liquid sorbent is applied onto the coal. In a preferred
embodiment, the liquid sorbent comprises both calcium nitrate and calcium nitrite. The
liquid sorbent containing the calcium nitrate and/or calcium nitrite generally contains
from about 30% to about 79% weight water. The lower water level is determined by

the solubility of the salts, while the upper lever of water is relatively arbitrary.
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However, the upper level of water in the sorbent composition 1s determined by the
desire to efficiently add solids onto the carbonaceous fuel by spraying and other means.
It has been found that other inorganic compounds can be added to the liquid sorbents
that aid in wetting of the carbonaceous fuel. For example, calcium bromide may be
added to the liquid sorbent to increase wetting.

[0036] In yet another alternative embodiment of methods of the invention, a
liquid sorbent is applied onto the coal followed by application of a powder sorbent
composition. The liquid sorbent may or may not contain calcium, but comprises water
and a group of solids selected from the group consisting of soluble metal nitrates and
soluble metal nitrites; calcium bromide may be added to the liquid sorbent to increase
wetting.

[0037] In yet another alternative embodiment of methods of the invention, a
liquid sorbent is applied onto the coal followed by application of a powder sorbent
composition. The liquid sorbent may or may not contain calcium, but comprises water
and a group of solids selected from the group consisting of soluble metal nitrates,
soluble metal nitrites, and combinations thereof. As in other embodiments, preferred
nitrates and nitrites include the calcium salts. In the present embodiment, the powder
sorbent composition is one that contains at least calcium. In a preferred embodiment,
the powder sorbent composition further comprises silicon, aluminum, iron, and
magnesium. In an exemplary composition, the powder sorbent comprises Portland
cement, calcium oxide, preferably an aluminosilicate clay, and a dolomitic material
selected from the group consisting of dolomite and burnt dolomite. In an alternative
embodiment, the powder sorbent composition comprises Portland cement, calcium
oxide, at least one water soluble chlorine containing inorganic compound, preferably an
aluminosilicate clay, and at least one alkaline metal salt selected from the group
consisting of potassium silicate, sodium silicate, potassium hydroxide, sodium
hydroxide, potassium oxide, and sodium oxide. When the powder sorbent composition
comprises the chlorine containing inorganic compounds, the compositions are
especially suitable for reducing mercury in the products of combustion of the fuel.

[0038] In addition to the methods of the invention, the invention also
provides various combustible carbonaceous fuel compositions. The compositions
contain up to 99% weight of particulate carbonaceous fuel, and up to 10% weight based

on the weight of the total combustible carbonaceous fuel compositions of inorganic
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materials. In a first alternative embodiment, the inorganic materials include calcium
oxide, at least one calcium compound selected from the group consisting of calcium
nitrate, calcium nitrite, and combinations thereof; an inorganic source of silicon; an
inorganic source of aluminum; an inorganic source of iron; and preferably an inorganic
source of magnesium. The inorganic materials may further comprise calcium bromide.
In an exemplary embodiment, the inorganic materials comprise calcium nitrate, calcium
nitrite, Portland cement, calcium oxide, preferably an aluminosilicate clay, and a
dolomitic material selected from the group consisting of dolomite and burnt dolomite.

[0039] In one aspect of the invention, the inorganic materials are the result
of the depositing or application of the liquid and/or powder sorbents discussed above.

[0040] In an alternative embodiment, the inorganic materials include
Portland cement, at least one water soluble chlorine containing inorganic compound, an
aluminosilicate clay and an alkali metal clay selected from the group consisting of
sodium silicate, potassium silicate, sodium hydroxide, potassium hydroxide, sodium
oxide, and potassium oxide. In an exemplary embodiment, the inorganic materials
comprise:

from about 20% to about 40% weight Portland cement;

from about 20% to about 40% weight calcium oxide;

from about 2% to about 5% weight of at least one water soluble chlorine
containing inorganic compound,;

from about 20% to about 30% weight of clay; and

from about 1% to about 9% weight of alkali metal salts.

[0041] In various exemplary embodiments, the water soluble chlorine

containing inorganic compound and the aluminosilicate clay are as described above. In

this and other embodiments described above, the clay may be selected form a number
of suitable inorganic materials. Non-limiting examples of suitable clay include calcium
montmorillonite, sodium montmorillonite, hectorite, smectites, illites, kaolin, and
metakaolin.

[0042] Carbonaceous fuel for use in the invention may be used as supplied
or may be prepared for application of liquid and powder sorbent compositions of the
invention. In a preferred embodiment, coal is ground to uniform size, for example -4,
prior to application of the sorbent composition. Liquid sorbents can be added directly

to the pulverized or ground fuel. For liquid sorbents, the addition can be made with a
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spray bar system that can be directed to the fuel as it passes over a belt or other
transport systems. Alternatively, the liquid sorbent can be added to the particulate fuel
in a mixer. The powder sorbent compositions of the invention are generally applied to
the particulate coal directly. In a preferred embodiment, the particulate coal and the
solid sorbent compositions are blended with one another in mixers or similar devices.
Altemativc::ly or in addition, sorbent compositions are added into the pulverizers that
pulverize the coal prior to injection.

[0043] Coal is a preferred carbonaceous fuel for use in the invention. Coal
suitable for use in the invention includes bituminous coals, anthracite coals, and lignite
coals. Other carbonaceous fuels include, without limitation, various types of fuel oils,
coal oil mixtures, coal oil water mixtures, and coal water mixtures. When the
carbonaceous fuel is other than a particulate coal or other fuel as described, the method
of addition of the liquid and solid sorbents described above may be adapted for use
with the liquid fuels according to principles known in the art.

[0044] Portland cement is an article of commerce, exemplified according to
ASTM Standards as Type I, II, III, IV, or V. Portland cement consists principally of di-
and tri-calcium silicates. In some embodiments, it is manufactured by firing limestone
with sand in a kiln at high temperature. The resulting clinker is crushed and ground to
form a cement product.

[0045] The composition of Portland cements is reported in terms of percent
by weight by various metal oxides. Particularly a Portland cement contains greater than
about 60% weight calcium oxide, around 20 - 30% weight silicon dioxide, and from
about 2 - 6% weight aluminum tri-oxides, as well as generally lesser amounts of iron
(IIT) oxide and magnesium oxide equivalents. In some embodiments, Portland cement
Type III is preferred because it consistently has the highest content of calcium oxide.
In various embodiments discussed in this specification, the Portland cement will thus
be described as containing or comprising calcium oxide, silicon dioxide, aluminum
dioxide, iron oxide, and magnesium oxide. It is to be understood that such a
representation is a short hand way of describing the composition of Portland cement,
which as discussed above is defined in the ASTM Standards. The Portland cement and
other inorganic components of the various sorbent compositions of the invention will
alternatively be described as containing a source of calcium, a source of silicon, a

source of aluminum, a source of iron, and a source of magnesium.
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[0046] Aluminosilicate clays are optional and preferred components in
many of the powder sorbent compositions of the invention. When present, they may be
selected from a wide variety of materials as discussed above. In various embodiments,
preferred clays include calcium montmorillonite, sodium montmorillonite, kaolin, and
metakaolin.

[0047] In various embodiments, the sorbent compositions contain water
soluble chlorine containing inorganic materials. Non-limiting examples of soluble
chlorine containing inorganic materials include the soluble chlorides, chlorites,
chlorates:, hypochlorites, and perchlorates. In a preferred embodiment, soluble chlorine
containing inorganic materials are selected from the group consisting of alkaline earth
salts containing the above anions and alkali metal salts containing the above anions.
Particularly preferred are the sodium and potassium salts. In various embodiments, the
chlorine containing inorganic material is selected from the group consisting of
potassium chloride, sodium chloride, potassium chlorate, and sodium chlorate.
Mixtures or combinations of chlorine-containing inorganic compounds may also be
used.

[0048] In some embodiments, the liquid sorbents of the invention contain
oxidizing salts, such as the nitrates and or nitrites of calcium or other alkaline earth
metals or of alkali metals. In a preferred embodiment, the oxidizing salts comprise
both the nitrate and the nitrite of an alkali metal or alkaline earth metal. When both
nitrites and nitrates are present, their relative proportion can range from about 5:95 to
05:5. In a preferred embodiment, the proportion is about 1:1, or 50:50. When the
oxidizing salts contain calcium nitrate or calcium nitrite, the liquid sorbent may further
preferably contain an inorganic salt that improves the wetting ability of the calcium
nitrate and the calcium nitrate in solution. A preferred wetting agent for this purpose is
calcium bromide. A solution containing 10 - 30% weight calcium nitrate, 10 - 30%
weight calcium nitrite, and 1 - 10% weight calcium bromide, the remainder being
water, is sold commercially as a low temperature setting aid for concrete.

[0049] When a liquid sorbent and a powder sorbent are both to be added,
the relative proportion of the powder sorbent and the liquid sorbent can range from
about 5:95 to 95:5. In a preferred embodiment, the powder sorbent compositions and
the liquid sorbent compositions of the invention are added to the carbonaceous fuel in a

ratio of about 1:1. The ratio to be used depends on the relative concentration of
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components in the two sorbents, as well as the desired level of incorporation into the
combustible fuel composition of the respective components of the two sorbents.

[0050] The powder composition and the liquid compositions are added to
the fuel in an effective level, keeping in mind that it is desirable to minimize the
addition of the sorbent compositions if possible to avoid the necessity to handle or
dispose of large volumes of ash. Conveniently, it has been found that additions of up to
about 6% weight of the solid materials (that is, no more than about 6% by weight) in
the powder and/or liquid sorbent composition can lead to acceptable results. In
preferred embodiments, up to 3% weight of the powder compositions and of up to 3%
weight of the solids in the liquid sorbent compositions are added to the carbonaceous

fuel. In some embodiments, 3% weight of a powder composition and 3% weight of a

liquid composition are applied to the fuel before burning. Ii the liquid composition i1s

made of 50% solids this corresponds to adding 1.5% weight of the solids of the liquid
composition onto the carbonaceous fuel.

[0051] When both are added, the order of addition of liquid sorbent
compositions and powder sorbent compositions may be varied to achieve the desired
results. In many embodiments, it 1s preferred to add the liquid sorbent composition to
the fuel before adding the powder sorbent composition. This has the tendency to
improve adhesion of the powder components, which are applied onto a wetted fuel.

[0052] Dolomitic material as used in the invention is a calcium and
magnesium carbonate material. It 1s commercially available as dolomite or, in an
alternative embodiment, as so-called burnt dolomite. Burnt dolomite is the product of
heating or calcining the dolomite material. Burnt dolomite is believed to be a
combination of magnesium oxide and calcium oxide material. In various embodiments,
the addition of dolomitic magnesium is believed to hold the cell structure of the silicate
and aluminosilicate material open for improved sulfur absorption. In a preferred
embodiment, dolomitic magnesium is provided in addition to the magnesium that is
provided in the Portland cement.

[0053] Use of the methods and compositions of the invention results in
burning of coal and of other carbonaceous fuels with reduced emission of volatile
sulfur gases or harmful compounds into the atmosphere upon combustion. In addition
to the deleterious health and environmental effect of emitted sulfur gases, another

important concern to utilities and other coal consumers is the regulatory scheme around
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the emission of sulfur oxides. Specifically, current regulations in the United States
require that if more than 1.2 pounds (about 550 g) of sulfur dioxide is released into the
atmosphere for every million BTU of coal that is burned, the coal facility operator must
purchase so-called pollution credits or mitigate the release of sulfur gases below that
level. Depending on the amount of sulfur in the coal, such pollution credits can
constitute a major expense of operation. Accordingly, it would be beneficial to reduce
the emission of sulfur below that level. Coal that can be burned in power plants and
other facilities with concomitant release of less than 1.2 Ibs of sulfur dioxide per
million BTUs is called in the United States as compliant coal. In various embodiments,
the compositions and methods of the invention result in the production of compliant
coal that can be burned to generate electricity and for other uses without harming the
environment or incurring liability for regulatory pollution costs.

[0054] The invention has been described with respect to various preferred
embodiments. Further non-limiting embodiments are given in the Examples that
follow.

[0055] The description of the invention is merely exemplary in nature and,
thus, variations that do not depart from the gist of the invention are intended to be
within the scope of the invention. Such variations are not to be regarded as a departure

from the spirit and scope of the invention.

EXAMPLES

Example 1 — Powder Composition 1
[0056] A powder composition is mixed that contains 30% weight Portland

cement, 40% weight calcium oxide, 20% weight dolomite, and 10% weight calcium

montmorillonite.

Example 2
[0057] Minkota lignite coal having a raw sulfur content of approximately

2.0% weight, an ash content of approximately 16% weight, and a moisture content of
approximately 30% is ground to -1/4 inch and mixed with either no sorbent

(Comparative Example 1), a sorbent consisting solely of Portland cement (Comparative
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Example 2) or a sorbent consisting of powder sorbent 1 of Example 1. Addition of
sorbent material to the coal is 6% weight

[0058] For the compositions containing the sorbents, the respective sorbent
compositions and the coal are mixed in a Hobart Mixer with a vertical paddle at 60-90
RPM for two minutes. Then the coal samples are combusted. Total sulfur in the
samples is determined according to ASTM D-4239, while the total sulfur sorbed in the
ash is determined according to ASTM D-5016. According to data in the table, burning
of the raw coal (Comparative Example 1) results in 61% of the sulfur being sorbed in
the ash, while addition of Portland cement as a sorbent (Comparative Example 2)
increases the percent sorbed to 71%. The coal sample (shown as Example 2) having

the powder sorbent of Example 1 shows 79.9% of sulfur sorbed in the ash.

- - ) "% Sulfur in Samble %Sulfur sorbed in ash
" Comparative Ex. 1 - 207 60
CompaEntive Ex. 2 - 200 | 710 |
Example 2 o 195 B 799

Example 3a — Powder Composition 2

[0059] A powder sorbent composition is mixed that contains 30% weight
Portland cement, 3% weight sodium chloride, 33% weight calcium oxide, 25% weight
metakaolin, 4.5% weight anhydrous potassium silicate, and 4.5% weight potassium

hydroxide powder.

Example 3b — Liquid Sorbent Composition 1

[0060] Liquid sorbent composition 1, commercially available from Grace
Chemical under the DCI tradename, contains 10 — 15% calcium nitrite, 10 — 25%

calcium nitrate, 1 — 3% calcium bromide, the remainder being water.

Example 4 — Illinois Crown III Bituminous Coal

[0061] The coal of Example 4 is Illinois Crown III bituminous coal
containing approximately 4% weight sulfur, 10.6% weight ash, and 15.6% weight
moisture. The coal is ground to minus one quarter inch and combined with various

sorbents as provided in the table. The coal is prepared and the sorbents are applied as
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in Example 2. Percent sulfur in the sample is determined according to ASTM D-4239,
while total sulfur reporting to ash is determined by ASTM D-5016. The percent total
sulfur in the emissions is determined by the ditference.

[0062] For this high sulfur coal, only 3.4% of the total sulfur reports to the
ash upon combustion without any sorbent (Comparative Example 3). When Portland
cement alone is used as the sorbent composition, only 13% of the total sulfur reports to
ash (Comparative Example 4). When Composite Powder 2 is added at a 6% weight
level, the percent total sulfur reporting to ash increases to 44.9% (Example 4a). When
3% weight of the Powder Composition 2 and 3% weight of the liquid sorbent 1 from
Example 3a and 3b, respectively, are added as sorbent to the coal, the percent total

sulfur reporting to ash increases to 50.5%.

o " % Total Sulfur %Sulfur % Total Sulfur
In Sample in Emissions Reporting to Ash
Comparative Ex. 3 4.17 9651 3.4
ngparative Ex. 4 4.06 870 13.0
' Example 4a ’ 3.84 55.15 - 449
Examﬁ;4b r 384 49.5 o 50.5

Example 5

[0063] Freeman Crown III coal is used as in Example 4. Untreated coal 1s
burned and the amount of chlorine released into the atmosphere determined to be
0.19% (Comparative Example 5). When coal treated with 3% weight powder
composition 1 and 3% weight liquid composition 1 is burned (Example 5), the amount

of chlorine released into the atmosphere is 0.13%.

Example 6

[0064] Freeman Crown III coal is again used. When untreated coal 1is
burned, the ash remaining after combustion contains 0.001% weight mercury
(comparative example 6). When coal is treated with 3% by weight each of powder
composition 2 and liquid composition 1, and combusted, the ash remaining after

combustion contains 0.004% mercury.
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[0065] Although the invention has been described above with respect to
various preferred embodiments, it is to be understood that the invention is not limited to
the disclosed embodiments. Rather, variations and modifications that would occur to
one of skill in the art upon reading the disclosure are also intended to be within the

scope of the invention, which is limited and defined only by the appended claims.
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CLAIMS

What is claimed 1s:

1. A method for reducing the amount of sulfur gases released into the

atmosphere upon combustion of a sulfur-containing carbonaceous fuel, comprising:
applying a sorbent composition onto the carbonaceous fuel; and

combusting the carbonaceous fuel,
wherein the sorbent composition comprises calcium nitrate, calcium nitrite, or both.

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

comprises calcium nitrite and calcium nitrate.

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

comprises calcium bromide.

4, A method according to claim 1, comprising applying an aqueous

solution comprising calcium nitrate and calcium nitrite onto the fuel.

5. A method according to claim 1, comprising adding up to 6% dry weight

of the sorbent composition onto the fuel.

0. A method according to claim 1, comprising applying up to 3% dry

weight of the sorbent composition onto the fuel.

7. A method according to claim 1, comprising applying up to 1.5% dry

weight of the sorbent composition onto the fuel.

8. A method according to claim 1, wherein the sorbent composition further

" comprises silicon dioxide, aluminum oxide, calcium oxide, and iron oxide.

9. A method according to claim 8, wherein the sorbent further comprises

magnesium oxide.
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10. A method according to claim 8, comprising adding a powder

composition comprising silicon oxide, aluminum oxide, calcium oxide, and iron oxide

onto the carbonaceous fuel.

11. A method according to claim 10, wherein the powder composition

comprises Portland cement.

12. A method according to claim 10, wherein the powder composition
comprises a dolomitic material selected from the group consisting of dolomite and

burnt dolomite.

13. A method according to claim 10, comprising applying an aqueous
solution comprising calcium nitrate and calcium nitrite onto particulate carbonaceous

fuel, and adding the powder composition onto the wetted fuel.

14, A method according to claim 1, wherein the fuel comprises lignite coal.

15. A method according to claim 1, wherein the fuel comprises bituminous
coal.

16. A method according to claim 1, wherein the fuel comprises anthracite
coal.

17. A method for reducing the amount of sulfur gases released into the

atmosphere upon combustion of a sulfur-containing carbonaceous fuel, comprising:
applying a sorbent composition onto the carbonaceous fuel; and
combusting the carbonaceous fuel,

wherein the sorbent composition comprises
20-50% by weight Portland cement
20-40% by weight calcium oxide

15-25% by weight of a dolomitic material selected from the group

consisting of dolomite and burnt dolomite, and

5-15% by weight of an aluminosilicate clay.
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18. A method according to claim 17, wherein the clay comprises calcium

montmorillonite, kaolin, or a combination thereof.

19. A method according to claim 17, wherein the sorbent composition
comprises about 30% by weight Portland cement, about 40% by weight calcium oxide,

about 20% by weight dolomite, and about 10% by weight clay.

20. A method according to claim 17, wherein the sorbent composition
further comprises at least one oxidizing salt selected from the group consisting of

calcium nitrate and calcium nitrite.

21. A method according to claim 20, comprising applying the at least one

oxidizing salt in an aqueous solution.

22. A method according to claim 17, wherein the carbonaceous fuel

comprises coal.

23. A method according to claim 22, wherein the coal comprises <4% by

weight sulfur.

24. A method according to claim 22, wherein the coal comprises <3% by

weight sulfur.

25. A method according to claim 22, wherein the coal comprises <2% by

weight sulfur.

26. A method according to claim 22, wherein the coal comprises >4% by

weight sulfur.

27. A method according to claim 17, comprising applying up to 6% weight

of the sorbent composition onto the fuel.

28. A method according to claim 27, further comprising applying a liquid
sorbent comprising water and solids, the solids comprising at least one of calcium

nitrate and calcium nitrite.
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29. A method according to claim 28, comprising applying up to 3% weight
of the powder composition and up to 1.5% weight of the solids in the liquid sorbent,

based on the weight of the carbonaceous fuel.
30. A method for reducing sulfur gases and/or mercury released into the

atmosphere upon combustion of coal containing sulfur and/or mercury comprising:
applying a powder sorbent composition onto the carbonaceous fuel, and
combusting the carbonaceous fuel,

wherein the sorbent composition comprises
Portland cement,
at least one water soluble chlorine containing inorganic compound,
calcium oxide,
optionally an aluminosilicate clay, and

an alkali metal salt selected from the group consisting of sodium silicate,
potassium silicate, sodium hydroxide, potassium hydroxide, sodium oxide, and

potassium oxide.

31. A method according to claim 30, wherein the at least one chlorine
containing inorganic compound comprises a soluble salt selected from the group

consisting of sodium chloride, potassium chloride, sodium chlorate, and potassium

chlorate.
32. A method according to claim 30, wherein the clay comprises
metakaolin.
33. A method according to claim 30, wherein the powder composition
COMpIises
20-30% by weight Portland cement,
2-5% by weight of the water soluble chlorine containing inorganic
compound,

20-40% by weight calcium oxide
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20-30% by weight clay, and

1-9% by weight of the alkali metal salt.

34, A method according to claim 30, wherein the sorbent composition
further comprises at least one oxidizing salt selected from the group consisting of alkali

metal nitrates, alkali metal nitrites, alkaline earth metal nitrates, and alkaline earth

metal nitrites.

35. A method according to claim 34, wherein the oxidizing salt comprises

calcium nitrate, calcium nitrite, or a combination thereof.

36. A method according to claim 30, further comprising applying a liquid
sorbent onto the carbonaceous fuel, the liquid sorbent comprising at least one oxidizing
salt selected from the group consisting of alkali metal nitrates, alkali metal nitrites, and

alkaline earth metal nitrates, and alkaline earth metal nitrites.

37. A method according to claim 36, wherein the oxidizing salt 1s selected

from the group consisting of calcium nitrate, calcium nitrite, and combinations thereof.

38. A method according to claim 30, further comprising applying a liquid
sorbent to the carbonaceous fuel, the liquid sorbent comprising water and at least one
alkali metal salt selected from the group consisting of potassium silicate, sodium

silicate, potassium hydroxide, and sodium hydroxide.

39. A method according to claim 30, comprising applying up to 6% by

weight of the powder composition based on the weight of the carbonaceous fuel.

40. A method according to claim 30, wherein the carbonaceous fuel

comprises coal.

41. A method according to claim 40, wherein the coal comprises lignite

coal.

42. A method according to claim 40, wherein the coal comprises bituminous

coal.
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than or equal to 2% by weight sulfur.

45. A method according to claim 40, wherein the coal comprises greater

than or equal to 3% by weight sulfur.

46. A method according to claim 40, wherein the coal comprises greater

than or equal to 4% by weight sulfur.

47. A method for reducing the sulfur gases released in the atmosphere upon

combustion of sulfur-containing coal, comprising

applying a liquid sorbent onto the coal, wherein the sorbent comprises
water and solids, the solids comprising at least one soluble salt
selected from the group consisting of soluble metal nitrates and

soluble metal nitrites; and

applying a powder sorbent composition comprising calcium onto the

coal,

wherein upon combustion of the coal to release its stored energy, the amount of sulfur
gases in the combustion product is reduced and the amount of sulfur in the ashes
increased relative to the amounts that would be produced by combustion of the coal

without applying the liquid sorbent and powder sorbent.

48. A method according to claim 47, wherein the liquid sorbent comprises
alkaline metal nitrates, alkaline metal nitrites, alkaline metal earth nitrates, alkaline

metal nitrites, or combinations thereof.

49. A method according to claim 47, wherein the liquid sorbent comprises

calcium nitrate and calcium nitrite.

50. A method according to claim 47, comprising applying up to 6% weight
of the solids and up to 6% weight of the powder sorbent.
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51. A method according to claim 47, comprising applying up to 3% weight
of the solids and up to 3% weight of the powder sorbent.

52. A method according to claim 47, wherein the powder sorbent

composition comprises silicon, aluminum, calcium, iron, and magnesium.

53. A method according to claim 47, wherein the powder sorbent

composition comprises:

Portland cement;

calcium oxide;

optionally an aluminosilicate clay; and

dolomitic material selected from the group consisting of dolomite and
burnt dolomute.

4. A method according to claim 47, wherein the powder sorbent

composition comprises

Portland cement;

calcium oxide;

at least one water soluble chlorine containing inorganic compound;

aluminosilicate clay; and

at least one alkali metal salt selected from the group consisting of
potassium silicate, sodium silicate, potassium hydroxide, sodium hydroxide, potassium

oxide, and sodium oxide.
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AMENDED CLAIMS

[Received by the International Bureau on 30 August 2005 (30.08.05):

original claims 1, 17, 30, 36 and 47 replaced by amended claims 1, 17, 30, 36 and 47, remaining
claims unchanged.]

CLAIMS

What 1s claimed 1is:

1. A method for reducing the amount of sulfur gases released into the

atmosphere upon combustion of a sulfur-containing carbonaceous fuel, comprising:
5 applying a sorbent composition onto the carbonaceous fuel; and
combusting the carbonaceous fuel with the sorbent applied,
wherein the sorbent composition comprises calcium nitrate, calcium nitrite, or both.

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

comprises calcium nitrite and calcium nitrate.

10 3. A method according to claim 1, wherein the sorbent compesition further

comprises calcium bromide.

1. A method according to claim 1, comprising applying an aqueous

solution comprising calcium nitrate and calcium nitrite onto the fuel.

S. A method according to claim 1, comprising adding up to 6% dry weight

15  of the sorbent composition onto the fuel.

0. A method according to claim 1, comprising applying up to 3% dry

weight of the sorbent composition onto the fuel.

7. A method according to claim 1, comprising applying up to 1.5% dry

weight of the sorbent composition onto the fuel.

20 8. A method according to claim 1, wherein the sorbent composition further

comprises silicon dioxide, aluminum oxide, calcium oxide, and 1ron oxide.

9. A method according to claim 8, wherein the sorbent further comprises

magnesium oxide.
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10. A method according to claim 8, comprising adding a powder
composition comprising silicon oxide, aluminum oxide, calcium oxide, and iron oxide

onto the carbonaceous fuel.

11. A method according to claim 10, wherein the powder composition

comprises Portland cement.

12. A method according to claim 10, wherein the powder composition
comprises a dolomitic material selected from the group consisting of dolomite and

burnt dolomite.

13. A method according to claim 10, comprising applying an aqueous

solution comprising calcium nitrate and calcium nitrite onto particulate carbonaceous

tfuel, and adding the powder composition onto the wetted fuel.

14. A method according to claim 1, wherein the fuel comprises lignite coal.

15. A method according to claim 1, wherein the fuel comprises bituminous
coal.

16. A method according to claim 1, wherein the fuel comprises anthracite
coal.

17. A method for reducing the amount of sulfur gases released into the

atmosphere upon combustion of a sulfur-containing carbonaceous fuel, comprising:
applying a powder sorbent composition onto the carbonaceous fuel; and
combusting the carbonaceous fuel with the powder sorbent applied,
wherein the powder sorbent composition comprises
20-50% by weight Portland cement
20-40% by weight calcium oxide

15-25% by-weight of a dolomitic material selected from the group

consisting of doJlomite and burnt dolomite, and

5-15% by weight of an aluminosilicate clay.
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29. A method according to claim 28, comprising applying up to 3% weight
of the powder composition and up to 1.5% weight of the solids in the liquid sorbent,

based on the weight of the carbonaceous fuel.

30. A method for reducing sulfur gases and/or mercury released into the
atmosphere upon combustion of a carbonaceous fuel containing sulfur and/or mercury

comprising:
applying a powder sorbent composition onto the carbonaceous fuel, and
combusting the carbonaceous fuel,

wherein the sorbent composition comprises
Portland cement,
at least one water soluble chlorine containing inorganic compouncf,
calcium oxide,
optionally an aluminosilicate clay, and

an alkali metal salt selected from the group consisting of sodium silicate,
potassium silicate, sodium hydroxide, potassium hydroxide, sodium oxide, and

potassium oxide.

31. A method according to claim 30, wherein the at least one chlorine
containing inorganic compound comprises a soluble salt selected from the group

consisting of sodium chloride, potassium chloride, sodium chlorate, and potassium

chlorate.
32. A method according to claim 30, wherein the clay comprises
metakaolin.
33. A method according to claim 30, wherein the powder composition
COMprises
20-30% by weight Portland cement,
2-5% by weight of the water soluble chlorine containing inorganic
compound,
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20-40% by weight calcium oxide

20-30% by weight clay, and

1-9% by weight of the alkali metal salt.

34. A method according to claim 30, wherein the sorbent composition
further comprises at least one oxidizing salt selected from the group consisting of alkali

metal nitrates, alkali metal nitrites, alkaline earth metal nitrates, and alkaline earth

metal nitrites.

35. A method according to claim 34, wherein the oxidizing salt comprises

calcium nitrate, calcium nitrite, or a combination thereof.

36. A method according to claim 30, further comprising applying a liquid
sorbent onto the carbonaceous fuel, the liquid sorbent comprising at least one oxidizing
salt selected from the group consisting of alkali metal nitrates, alkali metal nitrites,

alkaline earth metal nitrates, and alkaline earth metal nitrites.

37. A method according to clatm 36, wherein the oxidizing salt is selected

from the group consisting of calcium nitrate, calcium nitrite, and combinations thereof.

38. A method according to claim 30, further comprising applying a liquid
sorbent to the carbonaceous fuel, the liquid sorbent comprising water and at least one
alkali metal salt selected from the group consisting of potassium silicate, sodium

silicate, potassium hydroxide, and sodium hydroxide.

39. A method according to claim 30, comprising applying up to 6% by

weight of the powder composition based on the weight of the carbonaceous fuel.

40. A method according to claim 30, wherein the carbonaceous fuel

comprises coal.

41. A method according to claim 40, wherein the coal comprises lignite

coal.

42. A method according to claim 40, wherein the coal comprises bituminous

coal.
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43. A method according to claim 40, wherein the coal comprises anthracite
coal.
44. A method according to claim 40, wherein the coal comprises greater

10

15

20

25

than or equal to 2% by weight sulfur.

45. A method according to claim 40, wherein the coal comprises greater

than or equal to 3% by weight sulfur.

46. A method according to claim 40, wherein the coal comprises greater

than or equal to 4% by weight sulfur.

47. A method for reducing the sulfur gases released in the atmosphere upon

combustion of sulfur-containing coal, comprising

applying a liquid sorbent onto the coal, wherein the sorbent comprises
water and solids, the solids comprising at least one soluble salt
selected from the group consisting of soluble metal nitrates and

soluble metal nitrites; and

applying a powder sorbent composition comprising calcium onto the

coal,

wherein upon combustion of the coal to release its stored energy, the amount of sultur
gases in the combustion product is reduced and the amount of sulfur in the ash is
increased relative to the amounts that would be produced by combustion of the coal

without applying the liquid sorbent and powder sorbent.

48. A method according to claim 47, wherein the liquid sorbent comprises

alkaline metal nitrates, alkaline metal nitrites, alkaline metal earth nitrates, alkaline

metal nitrites, or combinations thereof.

49. A method according to claim 47, wherein the liquid sorbent comprises

calcium nitrate and calcium nitrite.

50. A method according to claim 47, comprising applying up to 6% weight
of the solids and up to 6% weight of the powder sorbent.
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