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(57) ABSTRACT 

The present invention is directed to an additive, primarily for 
combustion of low sulfur and high alkali coals, that includes 
a transition metal to impact positively bottom ash slag and 
optionally a halogen to effect mercury oxidation and collec­
tion in the flue gas. 
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ADDITIVES FOR MERCURY OXIDATION IN 
COAL-FIRED POWER PLANTS 

CROSS REFERENCE TO RELATED 
APPLICATION 

2 
concentration of the coals are 569 and 260 ppm, respectively. 
Lignite and sub-bituminous (e.g., Powder River Basin 
("PRB")) coals are significantly deficient in halogens as com­
pared to average U.S. coals while bituminous coals are higher 
in halogens than the lower rank coals. For lower rank coals, 
Hgo is the predominant vapor mercury species. 

Various methods of augmenting HCl to increase oxidized 
mercury have been tested at full-scale. Direct addition of 
halide salts to the coal or injection of halide salts into the 

The present application claims the benefits, under 35 
U.S.C. §119(e), of U.S. Provisional Application Ser. No. 
60/730,971, filed Oct. 27, 2005, having the same title, which 
is incorporated herein by this reference. 

FIELD 

10 boiler has been attempted. There have also been a number of 
trials of coal blending oflow-rank sub bituminous coals with 
higher chlorine bituminous coals. Increased chlorine in the 
boiler in the form of halide salts or higher chlorine results in 

The invention relates generally to additives for coal-fired 
power plants and particularly to additives for mercury 15 

removal. 

BACKGROUND 

Mercury is a highly toxic element, and globally its dis- 20 

charge into the environment is coming under increasingly 
strict controls. This is particularly true for power plants and 
waste incineration facilities. Almost all coal contains small 
amounts of speciated and elemental mercury along with tran­
sition metals (primarily iron) and halogens (primarily chlo- 25 

rine with small amounts of bromine). 
Mercury in coal is vaporized in the combustion zone and 

exits the high temperature region of the boiler entirely as Hgo 
while the stable forms ofhalogens are acid gases, namely HCl 
and HBr. The majority of coal chlorine and bromine form HCl 30 

and HBr, respectively, in the flue gas since the formation of 
elemental chlorine and bromine are limited due to other 
dominant flue gas species including water vapor, sulfur diox­
ide (S02), nitrogen oxides (NOx) and sulfur trioxide (S03). 

an increase of primarily HCl in the flue gas and very limited 
Cl2 . These tests appear to indicate that excess HCl alone does 
not significantly increase the HgC12 ++ fraction unless a 
mechanism exists to make Cl available. Naturally occurring 
mechanisms that appear to be effective include catalysts in the 
form of activated carbon or LOI carbon. 

For lower rank coals, there is thus a need for an effective 
mercury control methodology. 

SUMMARY 

These and other needs are addressed by the various 
embodiments and configurations of the present invention. 
The present invention is directed to an additive that includes 
an additive metal, preferably a transition metal, and option­
ally one or more halogens or halogenated compounds. 

The presence of certain additive metals, such as alkali 
metals, alkaline earth metals, and transition metals, with tran­
sition metals being preferred and iron and copper being more 
preferred, has been found to provide more effective oxidation 
of elemental mercury. While not wishing to be bound by any 

35 theory, it is believed that certain metals, particularly transition 
metals, catalytically enhance elemental mercury oxidation by 
halogens. The precise catalytic mechanism, however, is 
unknown. Notwithstanding the foregoing, it is also possible 
that the additive metal is acting as a reactant rather than as a 

By way of example, the Griffin reaction holds that sulfur 
dioxide, at the boiler temperature range, reacts with elemental 
chlorine to form sulfur trioxide and HCI. Elemental mercury 
oxidation primarily to mercuric chloride and bromide species 
occurs via both homogeneous gas-phase and heterogeneous 
reactions that involve HCl and HBr, respectively. For low 
rank coals with low to medium sulfur and low chlorine and 
bromine contents however, homogeneous gas-phase Hg oxi­
dation reactions are believed to be limited primarily by 
elemental Cl2 and Br2 rather than by HCl and HBr due to the 
slow reaction rate of HCl and HBr. Therefore, though homo- 45 

geneous gas phase mercury oxidation by elemental chlorine 
does occur as the flue gas cools it is not the dominant reaction 
pathway because insufficient elemental chlorine is generally 
present. Rather, heterogeneous reactions controlled by HCl in 
the cooler regions of the flue gas path past the economizer 
section and especially occurring within and downstream of 
the air preheater and on duct surfaces are considered to be the 
primary reaction pathway for oxidation of elemental mercury 

40 catalytic agent. Regardless of the precise mechanism, certain 
metals, particularly transition metals, have been observed to 
increase dramatically the ability of even small amounts of 
halogens in high sulfur coals to oxidize elemental mercury in 
the waste gas. 

In coal combustion in particular, the additive of the present 
invention is believed to promote mercury oxidation and sorp­
tion by enrichment of transition metal catalysts in the fly ash 
or on suitable mercury sorbents that are injected and captured 
with the fly ash. The mechanism may involve a catalytic 

50 release ofC12 from vapor HCl via a Deacon reaction although 
the specific reactions and intermediates are not well charac­
terized. Enriching the fly ash surface or a supplemental sor­
bent such as activated carbon with catalysts may mobilize 
native halogens. However, the halogen availability may still by chlorine. At cooler flue gas temperatures elemental halo­

gens may be formed from HCl and HBr by a Deacon process 
reaction. HCl and HBr react with molecular oxygen at cooler 
flue gas temperatures to form water and elemental chlorine 
and bromine, respectively. This reaction is thermodynami­
cally favorable but proceeds only in the presence of metal 
catalysts that are primarily present on the surface of entrained 60 

fly ash particles or on duct surfaces. 

55 be an overall rate limiting factor. Supplemental halogens 
addition either with the coal feed or downstream in the mer-

The U.S. Geological Survey database COALQUAL gives 
halogen data from analyzed coal specimens. According to this 
data, U.S. coals have bromine contents between 0 and 160 
ppm and the mean and median bromine concentration of the 65 

coals are 19 and 12 ppm, respectively, and chlorine contents 
between 0 and 4,300 ppm and the mean and median chlorine 

cury oxidation region may be required. 
When iron is used as the metal in the additive, other sig­

nificant benefits can be realized. 
For example, the additive metals of the present invention 

can provide substantially enhanced levels of elemental mer­
cury oxidation, due to a lower concentration in the flue gas of 
sulfur oxides. According to the Griffin reaction, a lower sulfur 
dioxide concentration means that less elemental chlorine 
reacts to form HCl and sulfur trioxide (which further results in 
a lower sulfur trioxide concentration in the flue gas). Thus, 
more elemental chlorine is present to oxidize mercury. This 
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may be because certain transition metals, particularly iron, 
act as a scrubbing agent in the removal of sulfur from the flue 
gas. While not wishing to be bound by any theory, it is 
believed that the additive, when added to the coal feed prior to 
combustion, forms a transition metal oxysulfide compound. 
During combustion, the small transition metal oxide particles 
are believed to fill the combustion atmosphere and act as a 
scrubbing medium. The efficacy of the transition metal oxide 
particles in sulfur removal is believed to be enhanced in wet 
bottom or slag tap type furnaces. In such furnaces, the par- 10 

ticles melt and are incorporated into the molten slag layer on 
the furnace walls along with the other slag-forming ingredi­
ents present in the ash content of the coal being combusted. 
When oxysulfide particles become lodged in the slag layer, 
they are diluted with silica and other oxides present in the 15 

slag, thereby lowering activity of the oxysulfide and improv­
ing its sulfur-fixing capability. In the case of iron, the effective 
liquid iron oxysulfide may have the composition range: 

FeOxSy where 1 <x<1.33 and O<y<1. 
The sulfur removal ability of the transition metal may be a 20 

substantial contributor to the ability of halogens to oxidize 
elemental mercury. 

By way of further example, the ability of wet bottom boil­
ers, such as cyclone boilers, to burn low sulfur western coals 
has been found to be enhanced substantially by iron addition. 25 

While not wishing to be bound by any theory, iron, in the 
calcium aluminosilicate slags of western coals, is believed to 
act as a fluxing agent and cause a decrease in the melting 
temperature of the ash and crystal formation in the melt when 
a critical temperature (T cv) is reached. These crystals change 30 

the flow characteristics of the slag causing the slag to thicken 
before the slag can flow. This phenomenon is known as "yield 
stress" and is familiar to those skilled in the art of non­
Newtonian flow. Thicker slag allows the slag to capture and 
hold more coal particles. Therefore, fewer coal particles 35 

escape the combustor without being burned. 
In a preferred embodiment, the additive is in the form of a 

free-flowing particulate having a P90 size of no more than 
about 300 microns (0.01 inch) and includes at least about 50 
wt. %iron, commonly no more than about 5 wt. % (dry basis) 40 

carbon and even more commonly no more than about 1 wt. % 
carbon, no more than about 0.1 wt.% sulfur, and at least about 
0.5 wt% halogens. 

Preferably, the additive further includes a mineralizer, such 
as zinc oxide. While not wishing to be bound by any theory, it 45 

is believed that the zinc increases the rate at which iron fluxes 

4 
able slag tapping, improved boiler heat transfer, and a rela­
tively low amount of entrained particulates in the offgas from 
combustion, leading to little or no degradation in perfor­
mance of particulate collectors (due to the increased particu­
late load). The boiler can operate at lower power loads (e.g., 
60 MW without the additive and only 35 MW with the addi­
tive as set forth below) without freezing the slag tap and 
risking boiler shutdown. The operation of the boiler at a lower 
load (and more efficient units can operate at higher load) 
when the price of electricity is below the marginal cost of 
generating electricity, can save on fuel costs. The additive can 
reduce the occurrence of flames in the main furnace, lower 
furnace exit temperatures (or steam temperatures), and 
decrease the incidence of convective pass fouling compared 
to existing systems. The additive can have little, if any, sulfur, 
thereby not adversely impacting sulfur dioxide emissions. 
These and other advantages will become evident from the 
following discussion. 

These and other advantages will be apparent from the 
disclosure of the invention(s) contained herein. 

The above-described embodiments and configurations are 
neither complete nor exhaustive. As will be appreciated, other 
embodiments of the invention are possible utilizing, alone or 
in combination, one or more of the features set forth above or 
described in detail below. 

As used herein, "ash" refers to the residue remaining after 
complete combustion of the coal particles. Ash typically 
includes mineral matter (silica, alumina, iron oxide, etc.). 

As used herein, "at least one", "one or more", and "and/or" 
are open-ended expressions that are both conjunctive and 
disjunctive in operation. For example, each of the expressions 
"at least one of A, Band C", "at least one of A, B, or C", "one 
or more of A, B, and C", "one or more of A, B, or C" and "A, 
B, and/or C" means A alone, B alone, C alone, A and B 
together, A and C together, B and C together, or A, B and C 
together. 

As used herein, "high alkali coals" refer to coals having a 
total alkali (e.g., calcium) content of at least about 20 wt. % 
(dry basis of the ash), typically as CaO, while "low alkali 
coals" refer to coals having a total alkali content of less than 
20 wt. % and more typically less than about 15 wt. % alkali 
(dry basis of the ash), typically as CaO. 

As used herein, "coal" refers to macromolecular network 
comprised of groups of polynuclear aromatic rings, to which 
are attached subordinate rings connected by oxygen, sulfur 
and aliphatic bridges. Coal comes in various grades including 
peat, lignite, sub-bituminous coal and bituminous coal. 

As used herein, "halogen" refers to an electronegative ele-

with the coal ash. Zinc is believed to act as a mineralizer. 
Mineralizers are substances that reduce the temperature at 
which a material sinters by forming solid solutions. This is 
especially important where, as here, the coal/ash residence 
time in the combustor is extremely short (typically less than 
about one second). Preferably, the additive includes at least 
about 1 wt.% (dry basis) mineralizer and more preferably, the 
additive includes from about 3 to about 5 wt. % (dry basis) 
mineralizer. Mineralizers other than zinc oxides include cal­
cium, magnesium or manganese flourides or sulfites and other 
compounds known to those in the art of cement-making. 
Preferably, the additive includes no more than about 0.5 wt.% 
(dry basis) sulfur, more preferably includes no more than 
about 0.1 wt.% (dry basis) sulfur, and even more preferably 
is at least substantially free of sulfur. 

50 ment of group VITA of the periodic table (e.g., flourine, 
chlorine, bromine, iodine, astatine, listed in order of their 
activity with flourine being the most active of all chemical 
elements). 

The present invention can provide further advantages 
depending on the particular configuration. By way of 
example, the additive( s ), as noted, can provide a slag layer in 
the furnace having the desired viscosity and thickness at a 
lower operation temperature. As a result, there is more bottom 
ash to sell, more effective combustion of the coal, more reli-

As used herein, "halide" refers to a binary compound of the 
55 halogens. 

As used herein, "high sulfur coals" refer to coals having a 
total sulfur content of at least about 1.5 wt.% (dry basis of the 
coal) while "low sulfur coals" refer to coals having a total 
sulfur content of less than about 1.5 wt. % (dry basis of the 

60 coal). 
As used herein, "high iron coals" refer to coals having a 

total iron content of at least about 10 wt. % (dry basis of the 
ash), typically as Fe2 0 3 , while "low iron coals" refer to coals 
having a total iron content of less than about 10 wt. % (dry 

65 basis of the ash), typically as Fe20 3 . As will be appreciated, 
iron and sulfur are typically present in coal in the form of 
ferrous or ferric carbonites and/or sulfides, such as iron pyrite. 
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As used herein, "transition metal" or "transition element" 
refers to any of a number of elements in which the filling of 
the outermost shell to eight electrons within a period is inter­
rupted to bring the penultimate shell from 8 to 18 or 32 
electrons. Only these elements can use penultimate shell 
orbitals as well as outermost shell orbitals in bonding. All 
other elements, called "major group" elements, can use only 
outermost-shell orbitals in bonding. Transition elements 
include elements 21 through 29 (scandium through copper), 
39 through 47 (yttrium through silver), 57 through 79 (lan­
thanum through gold), and all known elements from 89 (ac­
tinium) on. All are metals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a prior art depiction of a cyclone boiler; 
FIG. 2 is a block diagram of a coal combustion waste gas 

treatment assembly according to an embodiment of the 
present invention; and 

FIG. 3 is a block diagram of a coal feed treatment circuit 
according to an embodiment of the present invention. 

DETAILED DESCRIPTION 

The Additive 
The additive of the present invention is believed to promote 

elemental mercury oxidation by means of metal mercury 
oxidation catalysts. The catalysis mechanism may involve 
formation of elemental chlorine or bromine via the Deacon 
process reaction or a similar reaction occurring at the fly ash 
surface in the presence of vapor HCl and/or HBr. The direct 
addition of reactive metal compounds where there is suffi­
cient vapor HCl and/or HBr can achieve high levels of mer­
cury oxidation and mercury capture. If needed, halogens and 
halide compounds can be added, as part of or separate from 
the additive, to promote mercury oxidation in proximity to 
surface sites of collected fly ash in particulate control devices 
where natively occurring flue gas halide or halogen concen­
tration(s) alone are insufficient to promote such oxidation. 

While the additive metal is described as likely acting as a 
catalyst, rather than a reactant, in the oxidation of mercury, it 

6 
FeO, Fe2 0 3 , Fe30 4 , copper (I) oxide (Cu2 0), and copper (II) 
oxide (CuO)), metal halides (e.g., iron (III) chloride, iron (II) 
chloride (FeC12 ), iron (II) bromide, iron (III) bromide, and 
copper (II) chloride), metal nitrates (e.g., copper nitrates 
including copper (II) nitrate (Cu (N03 ) 2 , and iron (III) nitrate 
(Fe (N03 ) 3 )), metal sulfates (e.g., iron (III) sulfate 
(Fe2 (S04)3 ), iron(II) sulfate (FeS04 ), manganese dioxide 
(Mn02 ), and higher forms and hydrated states of the forego­
ing transition metals. The additive may have the additive 

10 metal in a lower oxidation state provided that, after introduc­
tion into the combustion zone or flue gas, the additive metal is 
oxidized to a higher oxidation state. 

In one configuration, the additive is manufactured by any 
one of a number of processes. For example, the additive can 

15 be iron -enriched recycle products from steel mills, such as the 
particles removed by particulate collection systems (e.g., by 
electrostatic precipitators or baghouses) from offgases of 
steel or iron manufacturing, oily mill scale fines, enriched 
iron ore materials, such as taconite pellets or magnetite, red 

20 mud from the bauxite mining industry, recycled fly ashes or 
other combustion byproducts enriched in additive metals 
such as high-iron fly ashes, cement kiln dusts or combustion 
ashes from oil-fired boilers that have high concentrations of 
vanadium, and finely divided powders made from these mate-

25 rials by milling or grinding. Preferably, the additive is the 
collected fines (flue dust and/or electrostatic precipitator 
dust) from the offgas(es) of a blast furnace, Basic Oxygen 
Furnace (BOF), or electric arc furnace, dust such as used in 
the iron or steel making industry. In such materials, the iron 

30 and mineralizer are typically present as oxides. 
The additive metal in these additives are predominantly 

iron oxides. Preferably, the additive includes at least about 50 
wt. % (dry basis) iron and more preferably at least about 80 
wt.% (dry basis) iron and even more preferably from about 70 

35 to about 90 wt. % (dry basis) iron. Preferably, the ratio of 
ferric (or higher valence) iron to ferrous (or lower valence) 
iron is less than 2:1 and even more preferably ranges from 
about 0.1:1 to about 1.9:1, or more preferably at least about 
33.5% and even more preferably at least about 35% and even 

40 more preferably at least about 40% of the iron in the additive 
is in the form of ferrous (or lower valence) iron and no more 
than about 65% of the iron in the additive is in the form of 
ferric (or higher valence) iron. In a particularly preferred 
formulation, at least about 10%, more preferably at least 

is to be understood that the metal may be performing a non­
catalytic function. Evidence can also support the metal under­
going a heterogeneous reaction or a gas/gas and gas/solid 
reaction with the elemental mercury. The additive metal may 
also be tying up sulfur, preventing the formation of free sulfur 
oxides that can, according to the Griffin reaction, inhibit 
halogens from oxidizing elemental mercury. The phrase 
"additive metal" is therefore not to be limited to a catalytic 
function but may also or alternatively be read to include one 50 

or more other types of reactions. 

45 about 15% of the iron is in the form of wustite, and even more 
preferably from about 15 to about 50% of the iron is in the 
form ofwustite. 

The additive in this configuration can include other benefi­
cial materials. 

One beneficial material is a mineralizing agent, such as 
zinc. While not wishing to be bound by any theory, it is 
believed that the zinc increases the rate at which iron fluxes 
with the coal ash in slag-type furnaces. "Ash" refers to the 
residue remaining after complete combustion of the coal par­
ticles and typically includes mineral matter (silica, alumina, 
iron oxide, etc.). Mineralizers are substances that reduce the 

In a first formulation, the additive includes one or more 
additive metals, in either elemental or speciated form, or a 
precursor thereof, to catalyze oxidation of elemental mercury 
by natively occurring halogens and/or interhalogen com- 55 

pounds. The additive metals are preferably one or more tran­
sition metals, with iron, vanadium, manganese, and copper 
being preferred, iron and copper being more preferred, and 
iron being particularly preferred. Particularly preferred forms 
of iron and copper are oxides, transition metal halide salts 60 

(e.g., inter transition/halogen compounds), transition metal 
sulfides, transition metal sulfates, and transition metal 
nitrates, in which the transition metal has a higher oxidation 
state, with a "higher" oxidation state being at least a charge of 
+2 and more preferably at least a charge of +3 with the highest 65 

desirable oxidation state being +4. Exemplary transition 
metal catalysts include metal oxides (e.g., V 20 3 , V 2 0 4 , V 2 0 5 

temperature at which a material sinters by forming solid 
solutions. This is especially important because the coal/ash 
residence time in the combustor is typically extremely short 
(typically less than about one second). Preferably, the addi­
tive includes at least about 1 wt. % (dry basis) mineralizer and 
more preferably, the additive includes from about 3 to about 
15 wt. % (dry basis) mineralizer, even more preferably from 
about 2 to about 8 wt. % (dry basis), and even more preferably 
from about 3 to about 5 wt. % (dry basis) mineralizing agent. 
Mineralizers other than zinc oxides include calcium, magne-
sium or manganese flourides or sulfites and other compounds 
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known to those in the art of cement-making. Due to the 
formation of sulfur oxides, the additive preferably includes 
no more than about 0.5 wt.% (dry basis) sulfur, more pref­
erably includes no more than about 0.1 wt. % (dry basis) 
sulfur, and even more preferably is at least substantially free 
of sulfur. 

8 
In a third formulation, the additive is in the form of a carrier 

substrate carrying the metal additive metal and/or halogen. 
The carrier substrate is preferably a high surface area sorbent 
with suitable surface functional groups for mercury sorption. 
In a particularly preferred formulation, the mercury oxidation 
catalyst is directly deposited onto a mercury sorbent. Pre­
ferred carrier substrates include activated carbon, ash, and 
zeolites. The activated carbon can be manufactured from any 
source, such as wood charcoal, coal, coke, coconut shells, 

Other beneficial materials include oils and greases pro­
duced during metal finishing operations. Oils and greases 
have the advantages of preventing fugitive emissions during 
handling and shipping and replacing the heat input require­
ment from the coal in the boiler and thus reduce fuel costs for 
producing electricity. Typically, such additives will contain 
from about 0.1 to about 10 wt.% (dry basis) greases and oils. 

In coal-fired flue gases from low rank sub bituminous coals, 
oxidation of vapor phase elemental mercury to the primary 
ionic species mercury chloride (HgC12 ++) and bromine chlo­
ride (HgBr 2 ++) is believed to depend primarily upon the pres­
ence of sufficient hydrogen chloride (HCl) and other halogens 
in the flue gas. While not wishing to be bound by any theory, 
mercury oxidation reaction mechanisms are postulated to be 
various homogeneous gas phase reactions and complex 
multi-step heterogeneous reactions involving gas/solid sur­
face exchange reactions. Oxidation is limited by available 
halogens in the flue gas for the case of subituminous coal 
combustion. It is believed that the oxidation and chemisorp­
tion of the mercury onto activated carbon sorbents or onto 
native unburned carbon in the fly ash involves multi-step 
heterogeneous chemical reactions at surface sites. These 
reactions may be catalyzed by certain metals and metal 
oxides present on the carbon. The additive of the present 
invention enhances unburned carbon sorption of mercury by 
enrichment of the fly ash with additive metals in combination 
with sufficient oxidizing agents at the carbon surface. 

10 resins, and the like. The additive metal and/or halogen are 
deposited on the carrier substrate by known techniques, such 
as by chemical precipitation, ionic substitution, or vapor 
deposition techniques. By way of example, impregnation 
method can be by liquid contact (rinse) of the sorbent with 

15 aqueous solution of any of the soluble mercury oxidation 
catalysts or, more preferably, by mechanical dry grinding of 
the sorbent with any of the powdered or granular mercury 
oxidation catalysts. In a particularly preferred formulation, 
the mercury sorbent is activated carbon and the mercury 

20 oxidation catalyst for sorbent contact is Copper (II) chloride. 
Oxidation and capture of the oxidized mercury are then 
accomplished at the surface of the injected sorbent, generally 
powdered activated carbon. The catalyst-impregnated sor­
bent is preferably injected as a dry powder into the flue gas 

25 upstream of the particulate control device. The sorbent is 
co-precipitated with fly ash in an ESP or co-deposited onto 
the ash filter cake in a baghouse. 

In a fourth formulation, the additive is in the form of a 
combustible carbonaceous substrate, preferably coal or fly 

30 ash, on which the additive metal and/or halide is deposited. 

If elemental chlorine and bromine were to become avail- 35 

The deposition is by any suitable technique, including those 
referenced in connection with the third formulation. Unlike 
the third formulation, the additive metal and halide is inti-
mately bound with the combustible carbon. As a result, the 
additive metal and halide will be released into the flue gas 
when the substrate is combusted. This will lead to a high 
degree of dispersion of the metal and halide in the flue gas. 
This will, in tum, potentially provide a higher degree of and 
more rapid oxidation of mercury. 

In any of the above formulation, the amounts of the additive 
metal and halogen in the additive depend on the natively 
occurring amounts of mercury, additive metal, and halogen in 
the coal. Preferably, the additive of the first formulation con­
tains from about 10 to about 100 wt.% additive metal, more 

able at the downstream fly ash surfaces, for example via 
catalyzed reaction of HCl with active metal surface sites on 
carbon enriched fly ash, then it can readily recombine with 
elemental mercury to form mercury chloride species, prima­
rily HgC12 ++.By way of example, vanadium pentoxide V 20 5 , 40 

CuO, and Fe20 3 are examples of transition metal mercury 
oxidation catalysts typically present in fly ash. The tempera­
ture at the fly ash surface governs the reaction rate. In the 
relatively cool zone of particulate control devices, Hg0 reacts 
rapidly with any available elemental chlorine to form 
HgC12 ++.This oxidized mercury can then bind to surface sites 
within the fly ash or to activated carbon or LOI carbon within 
the fly ash layer. 

In a second formulation, the additive includes one or more 
additive metal catalysts or a precursor thereof and one or 
more elemental halogens (e.g., Cl2 and Br2 ), interhalogen 
compounds (e.g., BrCl), and halide salts to act as elemental 
mercury oxidants. Preferred supplemental halide salts are 
calcium chloride (CaC12 ), iron (III) chloride (FeCl3 ), copper 
(II) chloride (CuC12), magnesium bromide (MgBr2 ), calcium 55 

bromide, sodium bromide, potassium iodide, and also the 
hydrated states of these halide salts. The halogens may also be 
introduced in other organically and inorganically bound 
forms. Interhalogen compounds, such as BrCl, are believed to 
behave as elemental halogens with respect to elemental mer- 60 

cury oxidation. They are also believed to survive combustion 
and to be substantially nonreactive with sulfur oxides. The 
second formulation is used where the coal has a low halogen 
content, as is the case for lower rank coals, such as lignite and 
sub-bituminous coals. Such coals are typically deficient in 65 

bromine and chlorine relative to the mercury content of the 
coal. 

45 preferably from about 25 to about 100 wt. % additive metal, 
and even more preferably from about 50 to about 100 wt. % 
additive metal. The additive is preferably free or substantially 
free of halogens. In the second formulation, the additive con­
tains preferably from about 10 to about 90 wt. % additive 

50 metal, more preferably from about 25 to about 90 wt. % 
additive metal, and even more preferably from about 50 to 
about 90 wt.% additive metal and from about 0.1 to about 50 
wt.% halogen, more preferably from about 0.5 to about 10 wt. 
%halogen, and even more preferably from about 0.5 to about 
5.0 wt.% halogen. The third and fourth formulations prefer­
ably include from about 1 to about 99 wt. % substrate; from 
about 0.1 to about 50 wt.% additive metal, more preferably 
from about 0.1 to about 35 wt. %additive metal, and even 
more preferably from about 0.1 to about 20 wt. % additive 
metal; and from about 0 to about 30 wt. % halogen, more 
preferably from about 0 to about 20 wt. % halogen, and even 
more preferably from about 0 to about 10 wt. % halogen. 

Regardless of the formulation, the temperature at the fly 
ash and/or carrier substrate surface governs the reaction rate. 
In the relatively cool zone of particulate control devices, Hg0 

reacts rapidly with any available elemental chlorine and bro-
mine to form HgC12 ++and HgBr2 ++.This oxidized mercury 
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can then bind to surface sites (or LOI carbon) within the 
entrained, uncollected fly ash, WI carbon within the collected 
fly ash layer, or to the mercury sorbent. 

The rate of introduction of the additive to the furnace 
and/or flue gas depends on the combustion conditions and the 5 

chemical compositions of the coal feed and additive. Typi­
cally, the additives of the first and second formulations are 
introduced in the form of a dry powder or liquid and in an 
amount ranging from about 10 to about 50 lb/ton coal and 
more typically from about 10 to about 20 lb/ton coal. Stated 10 

another way, the additive of the first and second formulations 
are preferably introduced at a concentration of from about 0.3 
to about 100 lbs additive/Mmacf in the flue gas or in an 
amountrangingfromabout0.1 to about3.0% by weight of the 

15 
coal feed 200, with from about 0.5 to about 1.5% being 
preferred. The additive metal-impregnated sorbent of the 
third formulation is preferably introduced as a dry powder 
into the flue gas upstream of the particulate control device at 
a concentration of from about 0.1 to about 10.0 lbs sorbent/ 20 

Mmacf in the flue gas. 
The additive is preferably in the form of a free-flowing 

particulate having a relatively fine particle size. Preferably, 
the P 90 size of the additive is no more than about 300 microns, 
more preferably no more than about 150 microns, and even 25 

more preferably no more than about 75 microns. 
The Use of the Additive 
The use of the additive will now be described with refer­

ence to FIG. 1. 

10 
The coal feed 200 is introduced into and combusted in the 

furnace 208. A properly designed furnace burns the coal feed 
completely and cools the combustion products sufficiently so 
that the convection passes of the boiler unit is maintained in a 
satisfactory condition of cleanliness. Coal-fired furnaces 
have many different configurations and typically include a 
plurality of combustors. Preferably, the furnace is a dry-ash, 
fuel-bed, chain-grate, spreader stoker, or slag-tap unit. In a 
"slag type" or "Slag tap" furnace configuration, a slag layer 
forms on a surface of the burner and captures the coal particles 
for combustion. In a typical furnace, the combustion tempera-
ture of the coal, and flue gas temperature, ranges from about 
1425 to about 1650° C. (2600 to 3000° F.). 

An example of a combustor 100 for a slag-type furnace is 
depicted in FIG. 1. The depicted combustor design is used in 
a cyclone furnace of the type manufactured by Babcock and 
Wilcox. Cyclone furnaces operate by maintaining a sticky or 
viscous layer ofliquid (melted) ash (or slag) (not shown) on 
the inside cylindrical walls 104 of the cyclone combustion 
chamber 108. Coal is finely crushed or pulverized (e.g., to 
minus 1/4 inch top size), entrained in an airstream, and blown 
into the combustor end 112 of the cyclone combustor or 
combustor 100 through coal inlet 116. Combustion air 
(shown as primary air 120, secondary air 124, and tertiary air 
128) is injected into the combustion chamber 108 to aid in 
combustion of the coal. The whirling motion of the combus-
tion air (hence the name "cyclone") in the chamber 108 pro­
pels the coal forward toward the furnace walls 104 where the 
coal is trapped and burns in a layer of slag (not shown) coating 

The coal feed 200 is predominantly coal, with lower rank 
coals being preferred. Although any rank coal or composition 
of coal can be treated effectively by the additive 204 of the 
present invention, the coal feed 200 has a preferred compo­
sition for optimum results. The coal feed 200 preferably has 
an alkali component that ranges from about 12 to about 25 wt. 
% (dry basis) of the ash, a sulfur composition ranging from 
about 0.1 to about 1.5 wt. % (dry basis) of the ash, a phos­
phorus content ranging from about 0.1 to about 1.5 wt.% (dry 
basis) of the ash, an iron content ranging from about 2 to about 

30 the walls. The re-entrant throat 140 (which restricts escape of 
the slag from the chamber 108 via slag tap opening 144) 
ensures that the coal particles have a sufficient residence time 
in the chamber 108 for complete combustion. The slag and 
other combustion products exit the chamber 108 through the 

35 slag tap opening 144 at the opposite end from where the coal 
was introduced. The molten slag (not shown) removed from 
the chamber 108 flows to a hole (not shown) in the bottom of 
the boiler where the slag is water-quenched and recovered as 

7 wt. % (dry basis) of the ash, a silica content ranging from 40 

about 9 to about 16 wt. % (dry basis) of the ash, and an 
alumina content ranging from about 13 to about 20 wt.% (dry 
basis) of the ash. Because oxidized mercury is sorbed onto the 

a saleable byproduct. 
The ash composition is important to prevent the slag from 

freezing in the hole and causing pluggage. To melt ash into 
slag at normal combustion temperatures (e.g., from about 
2600 to about 3000° F.), slag-type furnaces, such as cyclones, 
are designed to burn coals whose ash contains high amounts fly ash, it is preferred that the fly ash 236 has a Loss On 

Ignition content of at least about 10 wt. % (dry basis) and 
more preferably ranging from about 15 to about 50 wt.% (dry 
basis). 

45 of iron and low amounts of alkali and alkaline earth metals. 

The coal feed 200, particularly when it is a low iron and 
high alkali coal, such as a PRB coal, can have low halogen 
content. Typically, such coals comprise no more than about 50 

500 ppm (dry basis of the coal) halogens, more typically no 
more than about 250 ppm (dry basis of the coal) halogens, and 
even more typically no more than about 100 ppm (dry basis of 
the coal) halogens. The halogens are predominantly chlorine 
with some bromine. The atomic ratio of chlorine to bromine 55 

in such coals typically ranges from about 1:1 to about 250:1. 
Stated another way, such coals typically comprise no more 
than about 500 ppm (dry basis of the coal) chlorine, more 
typically no more than about 250 ppm (dry basis of the coal) 
chlorine, and even more typically no more than about 100 60 

ppm (dry basis of the coal) chlorine and typically comprise no 
more than about 25 ppm (dry basis of the coal) bromine, and 
more typically no more than about 15 ppm (dry basis of the 
coal) bromine, and even more typically no more than about 10 
ppm (dry basis of the coal) bromine. The coal feed 200 is 65 

preferably in the form of a free flowing particulate having a 
P90 size of no more than about 0.25 inch. 

When burning low iron and sulfur and high alkali coals, such 
as PRB coals, the additive includes iron as the additive metal. 
Iron both reduces the melting temperature of the ash and 
increases the slag viscosity at these temperatures due to the 
presence of iron alumino silicate crystals in the melt. 

The flue gas 212 from the furnace 208 passes through an 
economizer section (not shown) and through an air preheater 
216. The airpreheater216 is a heat exchange device in which 
air 220 for the furnace 208 is preheated by the flue gas 212. 
Immediately upstream of the air preheater 216, the flue gas 
212 has a temperature ranging from about 480 to about 880° 
F. while immediately downstream of the air preheater 216 the 
flue gas 212 has a temperature ranging from about 260 to 
about 375° F. 

After passing through the air preheater 216, the flue gas is 
treated by an acid gas removal device 224. An example of an 
acid gas removal device 224 is a flue gas desulfurizer. The 
device 224 typically removes most and more typically sub­
stantially all of the sulfur oxides in the flue gas. 

The acid gas treated flue gas 228 is next passed through a 
particulate removal device 232, such as a fabric filter bag­
house or cold-side electrostatic precipitator, to remove pref-
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erably most and more preferably substantially all of the par­
ticles, particularly fly ash 236 and sorbent (if any), in the flue 
gas. Most of the oxidized mercury and excess halogens are 
absorbed by the fly ash and/or mercury sorbent of the third 
formulation and is therefore removed by the device 232. 

In one plant configuration, the acid gas removal device 224 
is positioned downstream of the particulate removal device 
232. 

12 
transition metal oxides in the combustion zone and ultimately 
a fraction of these will report to the fly ash 236. 

When the additive is injected into the furnace, the injection 
point and method will depend upon the boiler configuration. 
Overfire air ports (OFA) are a preferred location, where avail­
able. The additive can be either blown in as a finely divided 
powder or injected as a finely atomized liquid solution 
through OFA ports. 

The treated flue gas 240 is then discharged through a stack 
(not shown) into the atmosphere. 

The treated flue gas 240 complies with applicable environ­
mental regulations. Preferably, the treated flue gas 240 
includes no more than about 0.0002 ppmv mercury (of all 
forms) (i.e., <2 fl/nm3

). 

For either additive introduction with the coal feed or injec-
10 tion into the boiler 208, the resulting halide or halogen con­

centration in the flue gas after injection of the mercury oxi­
dation catalyst is preferably less than about 120 ppm. Higher 
HCl concentrations are undesirable due to concerns with 

The additive 204 can be introduced into the combustion 
system in a number of locations. The additive 204 can be 
combined and introduced with the coal feed 200, injected into 
the furnace atmosphere independently of the coal feed 200, 
injected into the flue gas 212 upstream of the air preheater 
216, or injected into the acid gas treated flue gas 228 upstream 
of the particulate removal device 232. 

15 
excessive corrosion of internal boiler tube and downstream 
duct structures. Additive composition can be tailored to the 
particular fuel fired and may include a combination of a 
supplemental halide salt and a transition metal containing 
material in different mix proportions. If sufficient HCl and 

20 HBr are available in the coal then a preferred additive for fuel 
or boiler addition is the first formulation. 

When sufficient halogens are not present, limited amounts 
of halide salts may be added with the additive as set forth 
above in the second formulation. The halide salts may be 

Selection of mercury oxidation catalyst and the method of 
delivery depends not only on the configuration but also on the 
location of additive introduction. 

For plants that have inherently high unburned (or Loss on 
Ignition ("LOI")) carbon in the fly ash as a result of combus­
tion optimization for NOx control, including both Pulverized 
Coal ("PC") boilers and cyclone boilers, mercury control can 

25 pre-mixed into the bulk additive to provide freeze condition­
ing or dust control or to improve handling characteristics of 
the material. The supplemental halide salts will decompose at 
combustion forming free halogens (elemental chlorine or 
bromine) that then primarily form HCl or HBr or HI in the 
cooling flue gases. 

The additive of the second formulation is particularly use­
ful for effective mercury removal for coals having relatively 
low concentrations of native vapor HCl and HBr and/or where 
minimal levels of additional halides are required to convert 

35 the primarily elemental mercury (Hg0
) to oxidized mercury 

species, e.g., HgC12 ++.In the second formulation, it is desir­
able to maintain the concentration ofHCl to a level less than 
that creating undesirable fouling or corrosion. This level is 

be readily achieved by utilization of the fly ash without use of 30 

the third formulation. In one application, a high unburned (or 
wherein the coal has an LOI of at least about 10%. Unburned 
Loss-On-Ignition ("LOI") carbon in the ash has a low 
Brunauer-Emmet-Teller ("BET") surface area compared to 
activated carbon. However, the quantity available and the 
exposed large pore surface sites make it a good sorbent for 
in-flight mercury capture if the mercury can be absorbed onto 
the ash. The additive can improve mercury sorption of 
unburned carbon for these plants by 1) enriching the ash with 
mercury oxidation catalysts, 2) effecting better utilization of 40 

available HCl and HBr and 3) providing supplemental oxi­
dizing agents (halogens), when needed to promote heteroge­
neous mercury oxidation and chemisorption on the unburned 
carbon. Enrichment of the unburned carbon and fly ash is 
effected by addition of the additive either into the coal feed 45 

200 or by injection into the boiler 208.A portion of the metals 
are incorporated into the fly ash as various forms of oxides. 

For plants with minimal unburned carbon (i.e., an LOI 
carbon content of no more than about 5 wt. % ), mercury 
oxidation can be promoted by injection of the additive into the 50 

flue gas downstream of the furnace 208. The additive of the 
first or second formulation is distributed with alkaline fly ash 
or fly ash with high-calcium spray dryer solids or the additive 
of the third formulation is used without supplemental fly ash 
addition. Selection of oxidation catalysts for downstream 55 

injection is not limited to oxide forms. 
For non-scrubbing plants firing subbituminous Powder 

River Basin coals, or for a blend of sub-bituminous and bitu­
minous coals, addition of the additive to the coal feed 200 or 
direct injection of the additive 200, as a powdered solid or 60 

liquid atomized solution containing the additive into the 
boiler via overfire air (OFA) ports, are preferred options. In 
the former option, the additive is pre-mixed into the as-re­
ceived coal, added and mixed on the coal pile, vapor depos­
ited on the coal (discussed below), or added in the coal han- 65 

dling system, preferably prior to crushers and/or pulverizers. 
Transition metals intimately mixed with the coal will form 

preferably no more than about 200 ppm total HCl in the flue 
gas. While not wishing to be bound by any theory, it is 
believed that catalyzed mercury oxidation takes place prima-
rily in intimate contact with the ash surface in the particulate 
collection device 232. Chemisorption of the oxidized mer­
cury onto a suitable particulate substrate selected from a 
calcium-enriched fly ash, residual unburned carbon (LOI car­
bon) in fly ash, or supplemental sorbents, such as powdered 
activated carbon, is accomplished in the fly ash baghouse 
filter cake or the electrostatic precipitator collected ash layer. 

One disadvantage to the direct addition of bromine and 
iodine compounds is the potential for atmospheric emission 
of bromine or iodine or hazardous organic halogenated com­
pounds. If discharged to the atmosphere, the amount of bro­
mine or iodine liberated and available for upper level atmo­
spheric ozone destruction is equivalent to firing a higher 
halogen coal. Nevertheless, the net benefit of mercury control 
is diminished if a low level but high volume continuous bro-
mine emission were to be allowed. This present invention can 
reduce the potential for bromine slip in two ways: 

1) For the case of upstream addition of halogenated com­
pounds in combination with transition metal catalysts, 
excess of unburned carbon and formation of catalyst­
enriched carbon ash essentially sorb and bind all of the 
halogen oxidizing agents to the ash. 

2) For the case of downstream addition of activated carbon 
impregnated with transition metal halide salts, the halide 
is bound to the carbon and there will be no significant 
evolution of free molecular or atomic halogen species 
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even though the relative quantity of carbon is less than 
for the case of unburned carbon enhancement. 

Yet another additive introduction location is injection into 
the flue gas upstream of the particulate control device 232. 
The precise location of the injection point will depend upon 
the plant duct configuration and Air Pollution Control 
("APC") type. 

14 
spray droplets. The present invention may use any suitable 
liquid flue gas conditioning injection systems or dry sorbent 
injection systems, such as those for activated carbon injection 
into coal-fired flue ducts, as well as any suitable system and 
method of material handling and conveyance. 

The additive of the third formulation may be injected, 
according to the method and the plant configuration, at either 
oflocations 250 and 254 for plants with no FGD scrubbing or 
at location 254 for plants with SDA followed by particulate 

10 control device (FF or cold-side ESP). The use of a transition 
metal halide salt impregnated onto an activated carbon sor­
bent is particularly preferred in the third formulation when 
flue gas HCl/HBr concentration is low or zero such as down­
stream of an SDA. 

Location 250 represents addition of the additive past the 
economizer section and upstream of the unit air preheater 
216. In this region, duct temperatures are in a range of from 
about 460 to about 250° C. (880 to 480° F.). In the region 
upstream oflocation 250 and downstream of the furnace 208, 
the flue gas or duct temperature ranges from about 470 to 
about 250° C. (880 to 480° F.). Conversion of elemental 
chlorine and elemental bromine to vapor HCl and HBr, 15 

respectively, are substantially complete in the zone down­
stream of the economizer section. However, studies have 
shown that conversion ofHgo to mercuric chloride and other 
oxidized mercury species proceeds within this zone but is not 
completed in this temperature range. The additive can be 20 

injected at location 250 as either a finely atomized liquid 
solution or blown into the duct as a finely divided powder. 
Configuration and spacing of the duct and the air preheater 
216 is a factor at this location however. Tight spacing of flow 
channels (baskets) in the air preheater 216 may preclude 25 

injection at this point due to the potential for pressure drop 
increase from deposition-induced pluggage. 

It is generally preferable to introduce the additive down­
stream of the air preheater 216, and as close as possible to the 
particulate control device 232, to avoid air preheater 216 30 

pluggage and duct deposition. Location 254 represents addi­
tion of the mercury oxidation catalyst downstream of the air 
preheater 216 into the ductwork leading into the particulate 
control device (cold-side electrostatic precipitator or bag­
house). This is the most preferred location since injection at 35 

this point presents the least risk of undesirable side effects. 
Duct temperature at this location range from about 190 to 
about 125° C. (375 to 260° F.). The additive can either be 
blown in as a finely divided powder or introduced as a finely 
atomized liquid spray that flash evaporates to yield an 40 

entrained spray solid that co-deposits with fly ash. 
When an acid gas removal device 224, such as a flue gas 

desulfurization spray dryer absorber ("FGD SDA"), is 
present, location 254 is upstream of the particulate removal 
device 232 but downstream of the acid gas removal device 45 

224. The temperature at this location is typically in a range of 
about 150 to about 100° C. (300 to 210° F.). This location255 
is a preferred injection point for the additive for this plant 
configuration. When introduced at this location, the additive 
preferably contains transition metal halide salts or metal 50 

nitrates as the additive metal. 
When an acid gas removal device is located downstream of 

the particulate removal device 232, location 254 is upstream 
of the baghouse. The temperature at this location is typically 
in a range of about 150 to about 100° C. (300 to 210° F.). 55 

Location 254 is a preferred injection point for the mercury 
oxidation catalysts for this plant configuration. The transition 
metal halide salts or metal nitrates are particularly preferred 
for this location. 

Another methodology for contacting the additive of the 
second formulation with the coal feed 200 will now be dis­
cussed with reference to FIG. 3. In the methodology, a bleed 
stream of flue gas, or other preheated gas, is used to carry one 
or more components of the additive into contact with the coal 
feed 200. The use of the flue gas can not only provide a more 
uniform distribution of selected additive component( s) on the 
coal feed 200 but also preheats the additive and coal feed 200 
upstream of the furnace 208. 

Referring to FIG. 3, a portion of the flue gas, from a point 
downstream of the air preheater 216, is removed from the 
main duct and redirected into contact with the coal feed 200. 
The point of removal from the main duct is selected such that 
the temperature of the flue gas 300 is less than the autoignition 
temperature of the coal feed 200. Preferably, the flue gas 300 
temperature is no more than about 95% of the autoignition 
temperature, even more preferably no more than about 90% 
of the autoignition temperature, and even more preferably no 
more than about 85% of the autoignition temperature. The 
additive, or a selected component thereof, is contacted with 
the redirected flue gas 300 at a point upstream of the point of 
contact with the coal feed 200. The particle size of the addi-
tive, or component thereof, is small enough to be entrained in 
the flue gas 300. 

In a preferred configuration, the temperature of the flue gas 
300 is at least the thermal decomposition temperature for a 
compound containing a selected additive component, 
whereby at least most of the selected additive component 
decomposes into a vapor-phase element in the flue gas 300. 
The thermal decomposition of the component into the flue gas 
300 effects a more uniform distribution of the component on 
the feed coal200. By way of example, in the configuration of 
FIG. 3 the selected additive component is a halogen-contain­
ing material, such as a halide salt. The temperature of the flue 
gas 300 is greater than the thermal decomposition tempera­
ture of the halogen-containing compound, e.g., halide salt. 
When the flue gas 300 has a temperature above the thermal 
decomposition temperature, the speciated chlorine and/or 
bromine in the halogen-containing material 304 will form 
vapor phase elemental chlorine and/or bromine, respectively. 

When the flue gas 300 contacts the coal feed 200, at least 
most of the vapor phase elemental halogens will precipitate 
onto the surfaces of the coal particles, which are at a lower 
temperature than the flue gas 300. When the additive metal is 
present, the vapor phase elemental halogen will typically 

For location 254, the additive may be injected as finely 
atomized liquid solution or blown in as a finely divided pow­
der according to the physical characteristics of the particular 
material and the duct configuration. For hygroscopic solids 
such as some halogen salts that are difficult to inject as a dry 
powder, liquid atomization is the preferred injection method. 
Liquid atomization requires a downstream section of duct 
free from obstructions in order to allow full evaporation of 

60 deposit as a compound with the additive metal. For example, 
when iron is the additive metal, the precipitate will be a 
compound of the form F eC12 or F eBr 2 . Preferably, for optimal 
results the coal particles, at the point of contact with the flue 
gas 300, are at a temperature less than the flue gas temperature 

65 and even more preferably less than the thermal decomposi­
tion temperature of the halogen. The remaining component(s) 
of the additive, for example the additive metal, is entrained 
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and/or vaporized in the flue gas 300. Alternatively, the 
remaining component( s) may also be added to the coal feed 
200 independently of the halogen-containing material 304. 
For example, the remaining component(s) may be added 
upstream or downstream of the point of contact with the flue 
gas 300. 

In another configuration, the halogen-containing material 
304, and optionally additive metal, is sprayed, in liquid form, 
into the redirected flue gas 300. The carrier liquid quickly 
volatilizes, leaving the halogen-containing material, and 10 

optionally additive metal, entrained, in particulate form, in 
the flue gas 300. Although sublimation is referenced in the 
prior configuration, it is to be understood that the additive 
transportation system of FIG. 3 is not limited to sublimation 
of an additive component. It may be used where the various 15 

additive components are entrained as fine particles in the flue 
gas 300. 

After contact with the flue gas 300, the coal feed 200 is fed 
to the mill308 and is reduced to a preferred size distribution. 
Depending upon the final (comminuted) size distribution, the 20 

coal feed 200 is crushed in crusher 312 and/or pulverized in 
pulverizer 316. 

EXPERIMENTAL 

16 
are broken down to release elemental chlorine within the ash 
cake. The elemental chlorine and bromine then react with 
HgC) to yield oxidized mercuric chloride (HgC12 ++) or mer­
curic bromide (HgBr2 ++) (and/or other oxidized mercury 
chlorides and bromides). The HgC12 ++ and (HgBr2++) can 
then be chemisorbed onto the high calcium, alkaline ash 
surface without the need for activated carbon sorbent or for 
LO I carbon due to the presence of unreacted lime spray dryer 
solids in combination with the alkaline ash. The particular 
clue that a catalytic formation of chlorine and bromine could 
be involved was a high iron content of the bituminous coal 
(>6.5% reported as Fe20 3 ) that resulted in a significantly 
higher iron content in the flue gas compared to PRB-only fly 
ash. This scenario or a similar catalyst-promoted heterog­
enous mercury oxidation entirely within the ash filter cake of 
the baghouse at the plant was the starting point for the additive 
of the present invention. A catalyst transported into the filter­
cake could provide the same effect as the reactive ash formed 
by the blend ofbituminous coal with the PRB coal. Chemical 
modeling of mercury oxidation in coal combustion supported 
the supposition that transition metal oxides and chlorides 
behave as reaction catalysts. The exact sequence of reactions 
and mechanisms is still in question. 

Halide additives to iron coal additive formulations were 

A trial of coal blending of a western bituminous coal with 
a Powder River Basin (PRB) sub bituminous coal at a power 
plant was a particular starting point for the additive formula­
tions of the present invention. The plant employed a spray 
dryer (SDA) for control of sulfur oxides followed by a bag­
house for particulate control While firing 100% PRB coal at 
the plant, the baseline mercury removal was less than 10%. 
Blending 14% of the western bituminous coal with the Pow­
der River Basin coal resulted in overall mercury capture effi­
ciency of 81%. The HCl concentration in the flue gas was 
increased due to higher coal chlorine content in the western 
bituminous coal. However, the SDA also scrubs HCl, so the 
estimated HCl concentration downstream of the SDA was 
equivalent to the HCl concentration upstream of the SDA 
while firing 100% PRB coal. The plant fly ash is a mixture of 
high calcium (lime) spray dryer solids and an alkaline PRB fly 
ash (modified by the western bituminous coal). Unburned 
carbon was found to be low and activated carbon sorbents 
were not utilized during the coal blending tests. Therefore, the 
mercury was captured onto the filtered PRB fly ash with spray 
dryer solids. 

25 considered as a combined mercury control and freeze condi­
tioning agents. Subsequently, it was determined that anum­
ber of halide formulations would serve in this capacity and 
that they would also be useful as dust control agents. It was 
further determined that the combined use of iron addition to 

30 the additive coal feed combined with supplemental halide 
addition could be highly beneficial. Supplemental iron in the 
coal feed reports to the bottom ash and to the fly ash as iron 
oxides. The supplemental halides thermally decompose in the 
furnace and form primarily HCl or HBr with a small fraction 

35 of vaporized molecular halogens (Cl2 and Br2 ). The iron­
enriched fly ash can promote catalytic mercury oxidation and 
sorption at the fly ash surface with supplemental halogens, if 
native halogen is insufficient. Unburned carbon in fly ash in 
amounts more than 5% is preferable to provide reactive sur-

40 face area to bind the carbon. 
It was further considered to inject oxidizing additives 

upstream of a baghouse for an APC train with baghouse and 
wet FGD scrubber. This configuration is being constructed 
for a number of new plants. Mercury control is expected to be 

45 accomplished by capture of oxidized mercury in the wet 
scrubber (Hgo is not water soluble). Further research is being 
conducted into specialized mercury oxidation additives that 
can be introduced upstream of the fabric filter to oxidize 
mercury as it passes through the filter cake. The use of acti-

According to EPA's Information Collection Request 
(ICR), units firing 100% PRB coal and configured with bag­
houses achieve an average of 80% mercury removal. There­
fore, a coarse analysis may indicate that the mercury removal 
across the baghouse at the plant could be attributed to the 
increase in chlorine alone. However, tests conducted to 
increase the mercury removal on plants firing PRB coal and 
configured with SDAs by increasing the HCl content in the 
gas through halide salt addition to the boiler indicate that 55 

much higher levels of HCl are required than were achieved 
during coal blending tests at the plant. 

50 vated carbon sorbents or ammoniated materials is not appli­
cable because the fly ash must remain usable for concrete 
admixture. Materials of this invention, including ferric and 
cupric chloride and ferric nitrate, are expected to be suitable 

Based on the above trial, it was postulated that the results 
could not be the result of only higher HCl and HBr content 
alone and that the measurement of speciated mercury 60 

upstream of the spray dryer did not support oxidation 
upstream of the spray dryer. Possible mercury oxidation reac­
tion mechanisms were considered that might account for the 
observed mercury oxidation and overall 80% capture of mer­
cury in a relatively low HCl and HBr flue gas and a majority 65 

mercury species ofHg0
• The most likely explanation was an 

analog to the Deacon process reaction in which HCl and HBr 

for this application. 
Two full-scale mercury control trials with iron and halogen 

addition to the coal feed of cyclone boilers firing PRB coal 
were also performed. 

Example 1 

A four-day test was conducted on a coal-fired power plant 
with cyclone boilers firing Powder River Basin coal at a rate 
of 31.tons/hour. Baseline mercury emission as measured by 
EPA Method 324 (Sorbent Tube Method) over triplicate two­
hour runs averaged 3.4 ug/dscm. The hopper fly ash bromine 
content for baseline conditions without additive was 21 
ppmw. A combined additive consisting of an iron containing 
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material with 98% ferric oxide content coated with a bromine 
containing alkaline salt was mixed into the coal feed. The 
addition rate was 5 lbs iron oxide per ton of coal and 0.06 
pounds of bromine per ton of coal. The bromine increase in 
the flue gas was equivalent to a concentration of 15 ppmv. 
Unburned carbon from the first ESP collection field averaged 
38.8% by weight of the total fly ash. The unburned carbon 
percentage in the front ESP field is biased high compared to 
unit average carbon due to preferential precipitation of the 
unburned carbon in the front field. Under these conditions 10 

18 
additive may be used for mercury control, for example, in 
high-temperature plants, such as waste incineration plants, 
for example, domestic waste, hazardous waste, and sewage 
incineration plants, cement burning plants or rotary kilns, and 
the like. 

The present invention, in various embodiments, includes 
components, methods, processes, systems and/or apparatus 
substantially as depicted and described herein, including vari­
ous embodiments, subcombinations, and subsets thereof. 
Those of skill in the art will understand how to make and use 
the present invention after understanding the present disclo-
sure. The present invention, in various embodiments, 
includes providing devices and processes in the absence of 
items not depicted and/or described herein or in various 

with the additive in the coal the mercury emission at the unit 
stack was 0.3 7 flg/ dscm for a 3 hour test. The fly ash mercury 
content was measured to be 1.78 ppmw. The fly ash bromine 
was measured to be 445 ppmw indicating that most of the 
added halogen reported to the ash. Bromine was not detected 
in the stack emissions during the additive injection based on 
two stack tests via the EPA Method 26A test method and was 
measured at 0.019 ug/dscm, slightly above the detection 
limit, during a third test. Total mercury removal relative to 
baseline was 89.1 %. 

15 embodiments hereof, including in the absence of such items 
as may have been used in previous devices or processes, e.g., 
for improving performance, achieving ease and\or reducing 
cost of implementation. 

Example 2 

A multi-week test was conducted on a 150 MW coal fired 
power plant configured with cyclone furnaces and an electro­
static precipitator for particulate emission control. Each unit 
fired a Powder River Basin coal at an average rate of 89.2 
tons/hour during full load. An iron containing material with 
98% ferric oxide was added to the coal feed. The addition rate 
was 12.5 lbs iron oxide per ton of coal. In this instance, iron 
enrichment was required even during the baseline in order to 
control the slag viscosity while firing PRB coal. The baseline 
mercury emission on one of the two units as measured by EPA 
Method 324 (Sorbent Trap Method) over triplicate two-hour 
runs averaged 1.1 flg/dscm. 

Unburned carbon from the first ESP collection field aver­
aged 43% by weight of the total fly ash collected from the first 
field. The unburned carbon percentage in the front ESP field 

The foregoing discussion of the invention has been pre-
20 sented for purposes of illustration and description. The fore­

going is not intended to limit the invention to the form or 
forms disclosed herein. In the foregoing Detailed Description 
for example, various features of the invention are grouped 
together in one or more embodiments for the purpose of 

25 streamlining the disclosure. This method of disclosure is not 
to be interpreted as reflecting an intention that the claimed 
invention requires more features than are expressly recited in 
each claim. Rather, as the following claims reflect, inventive 
aspects lie in less than all features of a single foregoing 

30 disclosed embodiment. Thus, the following claims are hereby 
incorporated into this Detailed Description, with each claim 
standing on its own as a separate preferred embodiment of the 
invention. 

Moreover, though the description of the invention has 
35 included description of one or more embodiments and certain 

variations and modifications, other variations and modifica­
tions are within the scope of the invention, e.g., as may be 
within the skill and knowledge of those in the art, after under-

is biased high compared to unit average carbon due to pref­
erential precipitation of the unburned carbon in the front field. 40 

standing the present disclosure. It is intended to obtain rights 
which include alternative embodiments to the extent permit­
ted, including alternate, interchangeable and/or equivalent 
structures, functions, ranges or steps to those claimed, 
whether or not such alternate, interchangeable and/or equiva­
lent structures, functions, ranges or steps are disclosed herein, 

A combined additive consisting of an iron containing mate­
rial with 98% ferric oxide content coated with a bromine 
containing alkaline salt was mixed into the coal feed. The 
addition rate was 12.5 lbs iron per ton of coal and 0.08 pounds 
of bromine per ton of coal. The bromine increase in the flue 
gas was equivalent to a concentration of 21 ppmv. 

45 and without intending to publicly dedicate any patentable 
subject matter. 

With the combined additive in the coal the mercury emis­
sion at the unit stack averaged 0.21 f.tg/dscm over a two-day 
period. The average mercury removal relative to baseline was 
81%. The baseline mercury emission was notably low (1.1 50 

flg/dscm concentration) compared to typical PRB plants. This 
was a result of the supplemental iron in the fly ash during 
baseline in combination with the high-unburned carbon con­
tent of the fly ash. 

A number of variations and modifications of the invention 55 

can be used. It would be possible to provide for some features 
of the invention without providing others. 

For example in one alternative embodiment, the different 
components of the additive can be added to the coal feed 
and/or flue gas at different locations and in different forms. 60 

For example, the halogen-containing material can be added, 
in the form of a halide or elemental halogen, to the coal feed 
200 while the additive metal-containing material can be 
added to the flue gas downstream of the furnace 208 in the 
form of an oxide. 

In another alternative embodiment, the additive is used for 
carbonaceous combustion feed materials other than coal. The 

65 

What is claimed is: 
1. A method, comprising: 
(a) combusting a coal feed comprising mercury and iron to 

form a flue gas comprising elemental mercury derived 
from the mercury in the coal feed and fly ash, wherein 
the iron content of the coal feed is less than about 10 wt. 
%(dry basis of the ash); 

(b) contacting an additive with (i) the coal feed, prior to 
step (a), and/or (ii) the flue gas resulting from step (a), 
the additive comprising a transition metal and at least 
one of bromine and iodine, wherein the additive com­
prises no more than about 5 wt. % (dry basis) carbon, 
wherein an atomic ratio of chlorine to bromine in the 
coal feed ranges from about 1: 1 to about 250:1, and 
wherein, in either option (i) or (ii), the additive promotes 
post-combustion oxidation of the elemental mercury; 
and 

(c) collecting the oxidized mercury and fly ash to provide a 
treated flue gas. 

2. The method of claim 1, wherein the coal feed comprises 
at least about 20 wt.% (dry basis of the ash) alkali, no more 
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than about 25 ppm (dry basis of the coal) bromine, and no 
more than about 500 ppm halogens. 

3. The method of claim 2, wherein the coal feed comprises 
no more than about 100 ppm (dry basis of the coal) chlorine 
and no more than about 10 ppm (dry basis of the coal) bro- 5 

mme. 
4. The method of claim 1, wherein the coal feed is com­

busted in a wet bottom boiler, wherein the coal feed has a 
phosphorus content ranging from about 0.1 to about 1.5 wt.% 
(dry basis of the ash) and wherein the coal feed is a low sulfur 10 

coal. 

20 
16. The method of claim 13, wherein the additive includes 

no more than about 0.5 wt.% (dry basis) sulfur. 
17. The method of claim 13, wherein the additive compo­

sition is in contact with the coal feed and wherein the coal 
feed is a high alkali and low sulfur coal. 

18. The method of claim 16, wherein the coal feed is a low 
iron coal. 

19. The method of claim 1, wherein the transition metal is 
one or more of iron, vanadium, manganese, and copper, 
wherein the coal feed is contacted with the additive prior to 
step (a), and wherein the coal feed is combusted at a tempera­
ture ranging from about 2,600 to about 3,000° F. 

5. The method of claim 1, wherein the coal feed is con­
tacted with the additive prior to step (a) and wherein step (b) 
comprises the sub-steps: 

(B1) redirecting a portion of the flue gas stream; 

20. The method of claim 1, wherein the coal has a Loss on 

15 
Ignition ("LOI") of at least about 10%. 

(B2) contacting the redirected portion of the flue gas stream 
with the additive, wherein the additive is transported by 
the redirected portion of the flue gas stream; and 

(B3) thereafter contacting the coal feed with the redirected 
portion of the flue gas stream, the redirected portion of 20 

the flue gas stream comprising the additive, wherein the 
additive is combined with the coal feed. 

21. The method of claim 1, wherein the additive comprises 
from about 10 to about 90 wt.% (dry basis) iron. 

22. The method of claim 1, wherein the additive comprises 
at least about 50 wt. % (dry basis) iron. 

23. The method of claim 1, wherein the additive comprises 
no more than about 1 wt.% (dry basis) carbon and wherein the 
transition metal is one or more of iron, vanadium, manganese, 
and copper. 6. The method of claim 5, wherein the temperature of the 

redirected flue gas portion, in the thereafter contacting step 
(B3), is greater than a temperature of the coal feed prior to the 
thereafter contacting step (B3) and wherein the redirected 
flue gas portion is input into a furnace along with the coal feed 
and additive. 

24. The method of claim 1, wherein the additive comprises 
25 no more than about 0.1 wt.% (dry basis) sulfur and at least 

about 0.5 wt.% (dry basis) halogens. 
25. The method of claim 1, wherein the additive is substan­

tially free of sulfur. 
26. The method of claim 1, wherein an ash component of 7. The method of claim 5, wherein the redirected flue gas 

portion has a temperature, in the contacting step (B2), greater 
than a sublimation temperature of at least one component of 
the additive and wherein at least one component of the addi­
tive sublimes into the redirected flue gas portion in the there­
after contacting step. 

30 the coal feed comprises from about 12 to about 25 wt. % (dry 
basis) alkali, from about 0.1 to about 1.5 wt. % (dry basis) 
sulfur, from about 2 to about 7 wt.% (dry basis) iron, and from 
about 9 to about 16 wt.% (dry basis) silica. 

8. The method of claim 7, wherein a temperature of the 35 

redirected flue gas portion is less than an auto-ignition tem­
perature of the coal feed. 

9. The method of claim 8, wherein the sublimation tem­
perature is the sublimation temperature of the at least one of 
bromine and iodine. 40 

10. The method of claim 5, wherein the coal feed comprises 
alkali, wherein the iron content of the coal feed is less than 
about 10 wt.% (dry basis of the ash) as Fe2 0 3 , the alkali 
content of the coal feed is at least about 20 wt.% (dry basis of 
the ash) alkali, wherein the coal feed comprises no more than 45 

about 500 ppm halogens. 
11. The method of claim 10, wherein the coal feed com­

prises less than about 1.5 wt. % (dry basis of the coal) sulfur, 
wherein the coal feed comprises at least about 15 wt. % 
calcium as CaO (dry basis of the ash), and wherein the coal 50 

feed comprises no more than about 100 ppm halogens. 

27. A method, comprising: 
(a) contacting a coal feed, prior to combustion, with an 

additive, wherein the coal feed comprises mercury, 
alkali, and iron, wherein the iron content of the coal feed 
is less than about 10 wt. % (dry basis of the ash) as 
Fe2 0 3 , the alkali content of the coal feed is at least about 
20 wt.% (dry basis of the ash) alkali, wherein the coal 
feed comprises no more than about 500 ppm halogens, 
and wherein the additive comprises a transition metal 
and at least one of bromine and iodine, wherein the 
additive comprises no more than about 1 wt. % carbon, 
and wherein the additive promotes oxidation of the 
elemental mercury; 

(b) combusting, by a wet bottom boiler, the coal feed to 
form a flue gas comprising elemental mercury derived 
from the mercury in the coal feed and fly ash; and 

(c) collecting the oxidized mercury and fly ash to provide a 
treated flue gas. 12. The method of claim 11, wherein the coal feed com­

prises no more than about 100 ppm chlorine and no more than 
about 10 ppm bromine. 

13. The method of claim 1, wherein the coal feed is con­
tacted with the additive prior to step (a) and wherein the 
additive comprises: 

28. The method of claim 27, wherein the coal feed com­
prises less than about 1.5 wt. % (dry basis of the coal) sulfur, 

55 wherein the coal feed comprises at least about 15 wt. % 
calcium as CaO (dry basis of the ash), and wherein the coal 
feed comprises no more than about 100 ppm halogens. 

at least about 50 wt.% (dry basis) iron; 
at least about 1 wt.% (dry basis) of at least one of bromine 

and iodine; and 
a mineralizer. 
14. The method of claim 13, wherein at least some of the at 

least one of bromine and iodine are present as inter-halogen 
compounds. 

29. The method of claim 28, wherein the coal feed com­
prises no more than about 100 ppm chlorine and no more than 

60 about 10 ppm bromine. 
30. The method of claim 27, wherein the coal feed is a low 

sulfur coal. 
31. The method of claim 27, wherein the additive further 

comprises a mineralizer. 
15. The method of claim 13, wherein at least some of the at 65 

least one of bromine and iodine are present as halides, the 
halides comprising iron. 

32. Themethodofclaim31, wherein the mineralizer is zinc 
oxide and the additive comprises at least about 1 wt. % (dry 
basis) mineralizer. 
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33. The method of claim 27, wherein the flue gas resulting 
from step (b) is contacted with the additive and wherein the 
coal feed is combusted at a temperature ranging from about 
2,600 to about 3,000° F. 

34. The method of claim 27, wherein the coal has a Loss on 5 

Ignition ("LOI") of at least about 10%. 
35. A flue gas treatment method, comprising: 
(a) providing a coal feed, the coal feed having a Loss on 

Ignition ("LOI") of at least about 10% and comprising 
mercury, alkali, and iron, wherein the iron content of the 10 

coal feed is less thana bout 10wt.% (dry basis of the ash) 
as Fe2 0 3 , the alkali content of the coal feed is at least 
about20wt.% (dry basis of the ash) alkali, and wherein 
the coal feed comprises no more than about 500 ppm 

15 
halogens; 

22 
from the mercury in the coal feed and fly ash, wherein 
the iron content of the coal feed is less than about 10 wt. 
%(dry basis of the ash); 

(b) contacting an additive with (i) the coal feed, prior to 
step (a), and/or (ii) the flue gas resulting from step (a), 
the additive comprising a transition metal and at least 
one ofbromine and iodine, wherein the additive includes 
no more than about 5 wt. % (dry basis) carbon, wherein 
the additive includes no more than about 0.5 wt. % (dry 
basis) sulfur, wherein an atomic ratio of chlorine to 
bromine in the coal feed ranges from about 1: 1 to about 
250:1, and wherein, in either option (i) or (ii), the addi­
tive promotes post-combustion oxidation of the elemen­
tal mercury; and 

(c) collecting the oxidized mercury and fly ash to provide a 
treated flue gas. 

(b) contacting the coal feed, prior to combustion, with an 
additive, the additive comprising a transition metal and a 
halogen, wherein the additive promotes oxidation of the 
elemental mercury; 

43. The method of claim 42, wherein the coal feed com­
prises at least about 20 wt% (dry basis of the ash) alkali, no 
more than about 25 ppm (dry basis of the coal) bromine, and 

20 no more than about 500 ppm halogens. 
(c) combusting, by a wet bottom boiler, the coal feed to 

form a flue gas comprising elemental mercury derived 
from the mercury in the coal feed and fly ash; and 

(d) collecting the oxidized mercury and fly ash to provide 
a treated flue gas, wherein: 

the additive further comprises a mineralizer; 
the mineralizer is zinc oxide; and 
the additive comprises at least about 1 wt. % (dry basis) 

mineralizer, wherein the additive comprises no more 

25 

than about 5 wt.% (dry basis) carbon. 30 

36. A flue gas treatment method, comprising: 
(a) providing a coal feed, the coal feed having a Loss on 

Ignition ("LOI") of at least about 10% and comprising 
mercury and iron, wherein the iron content of the coal 

35 
feed is less than about 10 wt.% (dry basis of the ash); 

(b) combusting the coal feed to form a flue gas comprising 
elemental mercury derived from the mercury in the coal 
feed and fly ash; 

(c) contacting an additive with (i) the coal feed, prior to step 40 

(b), and/or (ii) the flue gas resulting from step (b), the 
additive comprising a transition metal and at least one 
halogen, wherein the additive comprises no more than 
about 5 wt. % (dry basis) carbon, and wherein, in either 
option (i) or (ii), the additive promotes post-combustion 45 

oxidation of the elemental mercury; and 

44. The method of claim 43, wherein the coal feed com­
prises no more than about 100 ppm (dry basis of the coal) 
chlorine and no more than about 10 ppm (dry basis of the 
coal) bromine. 

45. The method of claim 42, wherein the coal feed is 
combusted in a wet bottom boiler, wherein the coal feed has 
a phosphorus content ranging from about 0.1 to about 1.5 wt. 
% (dry basis of the ash) and wherein the coal feed is a low 
sulfur coal. 

46. The method of claim 42, wherein the coal feed is 
contacted with the additive prior to step (a) and wherein step 
(b) comprises the sub-steps: 

(B1) redirecting a portion of the flue gas stream; 
(B2) contacting the redirected portion of the flue gas stream 

with the additive, wherein the additive is transported by 
the redirected portion of the flue gas stream; and 

(B3) thereafter contacting the coal feed with the redirected 
portion of the flue gas stream, the redirected portion of 
the flue gas stream comprising the additive, wherein the 
additive is combined with the coal feed. 

47. The method of claim 46, wherein the temperature of the 
redirected flue gas portion, in the thereafter contacting step 
(B3 ), is greater than a temperature of the coal feed prior to the 
thereafter contacting step (B3) and wherein the redirected 
flue gas portion is input into a furnace along with the coal feed 
and additive. 

(d) collecting the oxidized mercury and fly ash to provide 
a treated flue gas, wherein: the coal feed is contacted 
with the additive prior to step (b); and 

the additive comprises: 
(a) at least about 50 wt.% (dry basis) iron; 
(b) at least about 1 wt. % (dry basis) halogens; and 
(c) a mineralizer. 

48. The method of claim 46, wherein the redirected flue gas 
portion has a temperature, in the contacting step (B2), greater 
than a sublimation temperature of at least one component of 

50 the additive and wherein at least one component of the addi­
tive sublimes into the redirected flue gas portion in the there­
after contacting step. 

37. The method of claim 36, wherein the additive com­
prises no more than about 0.5 wt.% (dry basis) sulfur. 

38. The method of claim 36, wherein at least some of the 
halogens are present as inter-halogen compounds. 

39. The method of claim 36, wherein at least some of the 
halogens are present as halides, the halides comprising iron. 

49. The method of claim 48, wherein a temperature of the 
redirected flue gas portion is less than an auto-ignition tern-

55 perature of the coal feed. 
50. The method of claim 49, wherein the sublimation tem­

perature is the sublimation temperature of the at least one of 
bromine and iodine. 

40. The method of claim 36, wherein the additive campo- 60 

sition is in contact with the coal feed and wherein the coal 
feed is a high alkali and low sulfur coal. 

51. The method of claim 46, wherein the additive includes 
no more than about 1 wt. % (dry basis) carbon, wherein the 
coal feed comprises alkali, wherein the iron content of the 
coal feed is less than about 10 wt.% (dry basis of the ash) as 
Fe2 0 3 , the alkali content of the coal feed is at least about 20 
wt. % (dry basis of the ash) alkali, wherein the coal feed 

41. The method of claim 36, wherein the coal feed is a low 
iron coal. 

42. A method, comprising: 
(a) combusting a coal feed comprising mercury and iron to 

form a flue gas comprising elemental mercury derived 

65 comprises no more than about 500 ppm of halogens. 
52. The method of claim 51, wherein the additive includes 

no more than about 5 wt. % (dry basis) carbon, wherein the 
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coal feed comprises less than about 1.5 wt.% (dry basis of the 
coal) sulfur, wherein the coal feed comprises at least about 15 
wt.% calcium as CaO (dry basis of the ash), and wherein the 
coal feed comprises no more than about 100 ppm halogens. 

53. The method of claim 52, wherein the coal feed com- 5 
prises no more than about 100 ppm chlorine and no more than 
about 10 ppm bromine. 

54. The method of claim 42, wherein the coal feed is 
contacted with the additive prior to step (a) and wherein the 
additive comprises: 10 

at least about 50 wt.% (dry basis) iron; 
at least about 1 wt. % (dry basis) of the at least one of 

bromine and iodine; and 
a mineralizer. 
55. The method of claim 54, wherein at least some of the at 15 

least one of bromine and iodine are present as inter-halogen 
compounds. 

56. The method of claim 54, wherein at least some of the at 
least one of bromine and iodine are present as halides, the 
halides comprising iron. 20 

57. The method of claim 54, wherein the additive com­
prises no more than about 1 wt.% (dry basis) carbon. 

58. The method of claim 54, wherein the additive compo­
sition is in contact with the coal feed and wherein the coal 
feed is a high alkali and low sulfur coal. 25 

59. The method of claim 58, wherein the coal feed is a low 
iron coal. 

24 
60. The method of claim 42, wherein the coal feed is 

contacted with the additive prior to step (a), wherein the coal 
feed is combusted at a temperature ranging from about 2,600 
to about 3,000° F., and wherein the transition metal is one or 
more of iron, vanadium, manganese, and copper. 

61. The method of claim 42, wherein the additive com­
prises from about 10 to about 90 wt. % (dry basis) iron. 

62. The method of claim 42, wherein the additive com­
prises at least about 50 wt.% (dry basis) iron. 

63. The method of claim 42, wherein the additive com­
prises no more than about 1 wt. % (dry basis) carbon and 
wherein the transition metal is one or more of iron, vanadium, 
manganese, and copper. 

64. The method of claim 42, wherein the additive com­
prises no more than about 0.1 wt.% (dry basis) sulfur and at 
least about 0.5 wt.% (dry basis) of the at least one ofbromine 
and iodine. 

65. The method of claim 42, wherein the additive is sub­
stantially free of sulfur. 

66. The method of claim 42, wherein an ash component of 
the coal feed comprises from about 12 to about 25 wt. % (dry 
basis) alkali, from about 0.1 to about 1.5 wt. % (dry basis) 
sulfur, from about 2 to about 7 wt.% (dry basis) iron, and from 
about 9 to about 16 wt.% (dry basis) silica. 

* * * * * 


