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I

BACKGROUND OF THE INVENTION

l. FIELD OF THE INVENTIONSINVENTION

[03] These inventions relate to materials and methods for separating gases from one

another,This invention relates to the removal of mercury from combustion gas streams and more

specifically to sequestering tracethe use of halogenated carbon materials to reduce the emissions

of mercury from combustion gasescoal-fired power plants.

II2. BACKGROUNDDESCRIPTION OF THE INVENTIONSRELATED ART

Mercury emissions from coal-fired boilers present a significant health and environmental risk and
regulations on power-plant mercury will soon be promulgated and enforced.  The Clean Air Act
Amendments of 1990 required that the U.S. Environmental Protection Agency study the health and
environmental effects of trace mercury emissions from combustion sources and regulate them if
necessary.  In late 1997, the EPA submitted an eight-volume Mercury Report to Congress, which detailed
the suspected health and environmental effects of industrial mercury emissions.1  In early 1998, the EPA
released a Final Report to Congress (RTC) on Hazardous Air Pollutant Emissions from Electric Utility
Steam Generating Units which identified coal-fired utilities as the largest remaining source of mercury
emissions into the air.

1 Mercury Study - Report to Congress, U.S. E.P.A., EPA 452/R-97-0003, eight volumes, December 1997.
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After considerable study, the U.S. EPA announced on December 14, 2000, in an official Regulatory
Finding that it had determined that: “The conclusions, as a whole, support a finding that regulation of
coal-fired electric utility steam generating units for hazardous air pollutants, particularly mercury, is
appropriate and necessary.”2  Thus, a regulatory rulemaking process has begun that will see final mercury
regulations for all U.S. coal-fired power plants promulgated by the EPA before December 16, 2004 for
national enforcement beginning in 2007.

According to the Finding:

“Mercury is highly toxic, persistent, and bioaccumulates in the food chain.”  In the utility RTC the EPA
estimated that the industry emitted approximately 92,000 pounds of mercury in 1990, 102,000 pounds in
1994, and was projected to emit approximately 120,000 pounds in 2010 from 1,026 boiler units at 426
coal-fired plants.

The Finding further explained that:

“Mercury in the flue gas from coal combustion may be present in three different forms.  The forms,
called species, include elemental mercury, divalent oxidized forms, and mercury adsorbed onto the
surface of fly ash or other particles.  The capture of mercury is highly dependent on the relative amount
of mercury species that are present in the flue gas. Particulate bound mercury can easily be removed in
conventional PM emission control devices such as electrostatic precipitators and fabric filters.  Divalent
forms of mercury are generally soluble in water and can be captured in wet scrubbers. . . .
[Unfortunately, however, e]lemental mercury is insoluble in water, does not react with alkaline reagents
used in FGD systems, and cannot be captured in wet scrubbers.  Elemental mercury is [also] more
difficult to adsorb on solid surfaces.”

Unfortunately, no economical, easily-retrofitted control technologies exist for elemental mercury from
coal-fired power plants.  Thorough, state-of-the-art reviews of existing mercury control technologies and
their associated costs were done in the two Reports to Congress.  Unfortunately, as the EPA concluded in
the Executive Summary of its Utility HAPs RTC

[04] It is well known that mercury is both hazardous and poisonous. Consequently,

there is frequently a need to remove it from, for example, the air streams around industrial

processes, such as at chlor-alkali plants, or from the air in dental offices using amalgams, where

people may be directly exposed to mercury vapor. Similarly, there is a need to sequester mercury

from natural gas and hydrocarbon streams, where it corrodes processing equipment; from

wastewater streams, where its discharge can contaminate ecosystems; and from the hot

combustion-gas emissions of waste incinerators, where it is emitted to the environment to

methylate and bio-concentrate up the food chain. Each of these gas or liquid streams has

different characteristics that make some mercury removal methods effective and appropriate, but

others, ineffective and inappropriate. Consequently, over the years, a multitude of approaches

2 Regulatory Finding on the Emissions of Hazardous Air Pollutants from Electric Utility Steam Generating Units, U.S.
Environmental Protection Agency, December 14, 2000.
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have had to be developed for effectively removing mercury species from various streams. These

overall approaches include, among others: liquid scrubbing technologies, homogenous gas-phase

technologies, metal amalgamation techniques, and processes utilizing various sorbent materials

in different application schemes, with adsorbents optionally impregnated with various reaction

aids.

[05] A common recent concern is the mercury emitted from coal-fired power plants. It

has been estimated, for example, that about 100,000 pounds of mercury are being emitted into

the atmosphere annually in the United States from coal-fired power plants. Capturing and

isolating this mercury is a very difficult technical problem because the gas volumes lo be

processed are great, the gas concentrations of the mercury are low, and the gas temperatures are

high. Also, many other complicating compounds are present in the flue gas and multiple mercury

species have to be sequestered. Even though many mercury control techniques have already been

developed, new means for effectively and economically controlling utility mercury emissions are

still needed. After a thorough investigation of the prior art on mercury removal from power-plant

gas streams, the U.S. Environmental Protection Agency (EPA) concluded in the Executive

Summary to its 1998 Utility Hazardous Air Pollutants (I-IAPs) Report to Congress that:

“Regarding potential methods for reducing mercury emissions, the EPA has not identified

any demonstrated add-on control technologies currently in use in the U.S. that effectively

remove mercury from utility emissions.” (Page ES-18).

A leading control technology candidate is powdered activated carbon injection (PAC), but high injection
rates and/or expensive gas-cooling may be required.  A very easy method to retrofit is to simply inject a
mercury sorbent, such as activated carbon, into the flue gas ahead of the existing electrostatic
precipitator.  Unfortunately, however, the results of plain activated carbon injection tests to date at power
plants have been highly variable and not particularly promising.  According to the EPA Mercury Report:

“Mass carbon-to-mercury ratios of greater than 100,000: 1 may be required at one second or less
residence time upstream of the ESP at 300°F in order to achieve 90 % mercury removal.”

Activated carbons generally perform poorly at temperatures above about 250°F. Gas cooling by water
injection is possible, but this would be expensive to operate, may require extending ductwork to allow
the water to fully evaporate, and could cause significant downstream corrosion and opacity problems.
Unfortunately, the bulk of coal-fired power plants in the U.S. only have their flue gases readily available
for retrofitted treatment between their air preheaters and electrostatic precipitators, where the
temperature is from about 300°F to 400°F.
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Specially-impregnated carbons can work better than plain carbons, but they are very expensive to
produce and need added fabric filters to take advantage of their higher mercury capacities.  The cost of
specially-impregnated carbons is prohibitive, as the Mercury Report noted

In the past, activated carbons have demonstrated utility for sequestering mercury vapors in some

applications. When combined with halogen compounds, the mercury sequestration performance

of activated carbons can be improved. In particular, the ability of iodine and iodide

impregnations to increase the capacity of granular activated carbons in capturing elemental

mercury vapor from air at ambient temperatures has long been known. Stock U.S. 1,984,164, for

example, teaches the advantages of loading activated carbon with halogens, particularly iodine,

to remove mercury from ambient air and Dreibelbis et al. U.S. 3,194,629, of impregnating

activated carbon with an iodine- potassium iodide mixture. Revoir et al. U.S. 3,662,523 claims

improved results with interhalogens such as lCl and JCl3 on filter elements of activated carbon

and Anderson U.S. 3,956,458 recommends the use of an elemental sulfur filter followed by an

iodine-impregnated filter. Alternately, to purify hydrogen or vent buildings, deJong et al. U.S.

4,196,173 teaches the benefits of injecting elemental chlorine gas ahead of filters of chlorinated

active carbon.

[06] Unfortunately, however, impregnated iodine and iodine compounds are released

from carbonaceous sorbents at modestly elevated temperatures. Thus, their use is largely limited

to ambient-temperature process streams. As explained by Bansal, Donnel, and Wang in their

book CARBONBLACK: SCIENCE AND TECHNOLOGY, 2nd Edition, unlike chlorine and

bromine, which chemically react with strongly-held carbon surface compounds, iodine

compounds are primarily or only physically adsorbed by carbonaceous materials. Consequently,

at the elevated temperatures of combustion gas streams, much of any adsorbed iodine or iodides

will be released from these materials. Not only could any captured mercury-iodide species evolve

off, but the other impregnated iodine species of the materials could volatilize off and corrode

downstream structures.

[07] In addition, the above prior art references contact their gas streams with the

sorbents in fixed-bed filters. While applicable for small-scale gas processing, it can be

cost-prohibitive to run the extremely large volumes of hot flue gas from a power plant through

fixed or moving beds of granular carbon. The energy costs of the pressure drop and the fixed
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costs of the vessel can be unreasonably high, even if the sorbent costs themselves could be kept

manageable.

[08] Rather than using iodine or chlorine impregnating gases directly, dissolved metal

halides can be advantageously applied to carbon substrates to promote mercury sequestration.

Japanese patents 49053590 through 49053594 to Nippon Soda Co. Ltd. and 49066592 to

Sumitomo Chemical Co. report on activated carbons impregnated with various halogen metal

salts for mercury removal. In addition, Japanese patent 51003386 recommends activated carbon

impregnated with a hydrogen halide salt of a compound with one or more functional groups for

mercury sequestration. Similarly, in U.S. 4,500,327 Nishino, Aibe, and Noguchi teach that

mercury vapors can be advantageously removed from air, natural gas, and incinerator exhausts

by activated carbons impregnated with combinations of sulfur, metal sulfates or nitrates, iodine

oxides or oxyacids, and the iodides or bromides of K, Na, or NH4. In U.S. 6,533,842 Maes et al.,

a cupric chloride impregnated carbon in combination with calcium hydroxide is shown to

improve mercury reductions from a gas stream. And finally, in publications such as “In-Flight

Capture of Elemental Mercury by a Chlorine- Impregnated Activated Carbon,” Air & Waste

Management Association Paper #731 at the 2001 Annual Meeting, Ghorishi et al., discloses the

potential benefits using dilute solutions of hydrogen chloride, HCI, as an impregnate.

[09] Unfortunately, the production of halogenated carbons from dissolved metal

halides or hydrogen halide salts is laborious and difficult to perform on a large scale.

High-quality base carbons are generally used, the impregnates must be dissolved in a solvent,

applied evenly to the tine carbon substrates, the solvents removed, and the carbons wetted,

washed, dried, delumped, and sometimes post-processed with heating in inert atmospheres.

Working with sorbents made from HCI solutions, for example, Ghorichi et al. found that use of

special, deionized water and slow, low-temperature drying were required in order to preserve

mercury performance improvements. Consequently, while sorbents made from dissolved halide

species may perform well, they end up being very expensive. In the recent Utility HAPs Report

to Congress, which included a detailed evaluation of the control technologies available for power

plant mercury control, the U.S. EPA reported that:

“[S]ulfurSulfur-, iodineiodide-, chloride salt-, and Ca(OHh)2-impregnated activated

carbons show promise for increasing the mercury <removal efficiency, but further testing
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is needed.  The[However, t]he cost of these modified carbons, however, can be as much as

20 times higher than that of unmodified activated carbon.”AC.” [Page 13-42.]

The high cost of impregnated carbons is a result of their expensive manufacture.  Solvents are generally
applied with the impregnate in solution and the carbons require drying and usually, post-processing.
Commercially-available iodine-impregnated powdered carbons, for example, use dissolved potassium
iodide salts.  Such sorbents can have a high mercury capacity when given a long gas contact time, but, as
the Mercury Report noted:

“However, many of the [impregnated] sorbents exhibited deteriorated performance at the
temperatures typical of coal-fired power plant operations.”

A new low-cost, high-temperature, elemental-mercury sorbent is badly needed, along with process
improvements to extend performance and lower costs.  If coal-fired power plants are required to control
their mercury emissions, it could be very expensive using existing technology.  Preliminary Electric
Power Research Institute (EPRI) estimates to control 50 percent of the mercury emissions from U.S.
utility power plants using currently-available technology range from about $20,000 to $40,000 per-lb-of-
mercury-removed and would total $1 billion to $10 billion per year.3  Detailed modeling in the EPA
Mercury Report estimates that, in most cases, the costs of substantially reducing utility mercury
emissions using current technologies will be between $14,000 and $70,000 per-lb-of-mercury-removed,
depending on the plant and operating assumptions.  More recent cost modeling by the EPA looking at 18
different plant situations and 10 different technology combinations predicted costs ranging from 0.31 to
3.78 mills/kWh.4

III. DESCRIPTIONS OF THE INVENTIONS

I have discovered various improvements to the current practices which can be practiced either
independently or in combination.  They follow seriatim.

A. Bromination of the Carbon

[010] These high costs, primarily due to their solution-based manufacture, make them

uneconomic for duct-injection use at power plants with electrostatic precipitators (ESPs),

because large volumes of sorbents are required and they are ultimately thrown away with the fly

ash.

[011] In addition to their high costs, carbons impregnated by dissolved halide salts can

have the cations of their salts, such as the heavy metals copper, cadmium, strontium, and zinc of

prior-art patents, leach into the groundwater when their resulting Oy ashes are landfilled.

3 Chang, R., and G. Offen, “Mercury Emission Control Technologies: An EPRI Synopsis,” Power Engineering, 53, November 1995.

4 Srivastava, R., C. Sedman, & J. Kilgroe, “Performance and Cost of Mercury Emission Control Technology Applications on
Electric Utility Boilers,” U.S. EPA ORD, September 2000.
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[012] The particular advantages of using bromine, rather than iodine or iodides, or

chlorine or chlorides, with activated carbons for mercury control have not been previously

appreciated.  Gaseous bromine and hydrogen bromide have been combined with carbon

substrates before, but not to sequester mercury from hot combustion-gas streams. For example,

Greinke U.S. 5,372,619 found that bromine-treated carbon can make a superior natural-gas

storage medium. In another example, SKC Inc. sells a small tube with hydrobromic acid-treated

charcoal to sample air for ethylene oxide. However, with both of these uses it is important that

the adsorption targets, natural gas and ethylene oxide, be easily desorbable from the carbon, the

exact opposite of what is required in a mercury vapor sequestration application. In a similar vein,

in U.S. 6,475,461 Ohsaki describes a process for treating carbon substrates with gaseous

bromine or chlorine, but then explicitly desorbs them to achieve his desired product. Seki U.S.

3,961,020; Yoshida and Seki et al. U.S. 4,174,373; and Knoblauch et al. U.S. 5,179,058

impregnate activated carbon with bromine to produce a catalyst for reacting nitrogen oxide with

ammonia to form nitrogen and water. In this application too, the bromine of the carbon does not

act as a sequestration agent, permanently tying up its target. Rather, it serves as a catalyst, taking

part in a repeated series of desired chemical reactions, but not becoming permanently consumed

by any of them. Perhaps it is understandable that the tenacity of carbon-bromine-mercury

complexes could be overlooked.

[013] Recently, a number of inventive methods have been developed to apply mercury

sorbent technologies to the large-scale gas streams of coal combustion for power generation. The

U.S. patents of Moller et al. 4,889,698 and Chang, 5,505,766, for example, describe the injection

of fine powdered activated carbon (PAC) into flue gases at points along their journey through

various pollution-control equipment trains. A handful of full-scale power-plant sorbent-injection

trials have also recently taken place, including one at Great River Energy’s Stanton Station

capturing an injected, custom-ground, potassium-iodide-impregnated PAC in a fabric filter.

While this material removed significantly more mercury than the plain PACs tested at the site, it

cost ten times as much. And only about 15% of coal-fired boilers in the U.S. have such fabric

filters, which allow for a high degree of mass transfer as the mercury-laden flue gas through a

layer of the sorbent on the fabric filter bags. On the other hand, about 65% of U.S. coal-fired

utility boilers have ESPs instead of fabric filters, with no flue gas desulfurization systems. This

configuration requires in-flight mercury removal, with some amount of time on the ESP plates
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parallel to the gas flow. Mercury removal at plants with only an ESP is a most difficult

mercury-sequestration situation and an application especially targeted by the current invention.

[014] Accordingly, it is an object of the present invention to provide a sorbent material

that can be injected into a hot mercury-containing combustion gas, so that a significant portion of

the mercury is adsorbed onto the sorbent and removed from the flue gas with the combustion fly

ash.

[015] Further, it is an object of the present invention to provide a flexible, retrofittable

mercury-control method that can be applied to a number of combustion gas streams and a wide

range of exhaust system equipment configurations.

[016] In addition, it is an object of the present invention to provide a mercury sorbent

material that is simple and inexpensive to manufacture and use.

[017] It is also an object of the present invention to provide a mercury sorbent material

that causes the adsorbed gas-phase mercury to become essentially permanently-sequestered from

future interactions with the environment.

SUMMARY OF THE INVENTION

[018] These and other objects of the invention are achieved by a method for removing

mercury and mercury-containing compounds from a combustion gas in an exhaust gas system.

The method has the steps of providing a mercury sorbent; injecting the mercury sorbent into a

stream of the mercury-containing combustion gas for a sufficient time to allow at least.an

effective amount of the mercury and mercury-containing compounds in the combustion gas to

adsorb onto the mercury sorbent and collecting and removing the mercury sorbent from the

combustion gas stream. The mercury sorbent is prepared by treating a carbonaceous substrate

with an effective amount of a bromine-containing gas for a sufficient time to increase the ability

of the carbonaceous substrate to adsorb mercury and mercury-containing compounds.

[019] In some aspects of the invention, the bromine-containing gas comprises at least

one of: elemental bromine and hydrogen bromide. In some aspects of the invention, the

carbonaceous substrate comprises activated carbon.

[020] In some embodiments, the mercury sorbent is prepared at a temperature greater

than 60°C, and in other aspects, the preparation temperature is greater than about 150°C.

[021] The carbonaceous substrate is reduced to a particle size distribution fluidizable in

the combustion gas stream prior to the injecting step.
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[022] The points of injecting and collecting and removing the mercury sorbent may be

varied, depending upon the exact configuration of the exhaust gas system.

[023] In other aspects of the invention, a method for manufacturing a mercury sorbent is

provided. The manufacturing method has the steps of: providing a carbonaceous substrate;

providing a bromine-containing gas; and contacting the carbonaceous substrate with the

bromine-containing gas for a sufficient time lo increase the mercury adsorbing ability of the

carbonaceous substrate.

[024] In some aspects of this manufacture, the carbonaceous substrate is activated

carbon. In some aspects of the manufacture, the bromine-containing gas comprises elemental

bromine (Br2) and/or hydrogen bromide (HBr).

BRIEF DESCRIPTION OF THE DRAWINGS

[025] The present invention will be best understood when reference is made to the

accompanying drawings, wherein identical objects are identified by identical reference numerals

and wherein:

[026] Figure 1 is a block diagram of the process for manufacturing the improved

mercury sorbent compositions;

[027] Pictures 2 through 6 are schematic diagrams of exhaust gas systems describing

example methods for using the improved sorbent compositions to remove and isolate mercury

species from hot combustion flue gases;

[028] Figures 7 through 9 are performance plots indicating improvements in mercury

capture with the invention;

[029] Figure 10 is a plot of the mercury performance of a sorbent of this invention

indicating no synergistic advantage with the addition of a non-volatile acid, H3PO4, to the

carbon;

[030] Figure 11 is a plot of the comparative elemental mercury performance of a sorbent

of this invention with those of other halogen treatments;

[031] Figure 12 presents the comparative capacity increases for both oxidized mercury

(HgCl2) and elemental mercury of three sorbents processed according to this invention relative to

sorbent not so processed;
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[032] Figure 13 presents the additional mercury capacity achieved by a sorbent

manufactured according to this invention on an actual coal-combustion flue gas relative to that of

a sorbent not so processed;

[033] Figure 14 indicates the mercury capture in a simulated coal-fired duct-injection

ESP application of sorbents processed according to this invention relative to those not so

processed;

[034] Figure 15 indicates the mercury capture capabilities in an actual coal-fired duct-

injection ESP application of sorbents processed according to this invention relative to those not

so processed.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[035] There are five essential elements to the mercury sequestration claims of the

present invention. The first three are that (I) a carbon-based adsorbent, such as powdered

activated carbon (PAC), is used (2) to capture and concentrate vaporous mercury species from

(3) a hot, flowing gas stream of combustion products. The fourth requirement is that the

adsorbent material be (4) injected into the flowing gas, intimately mix with it, and be separated

from the gas in a particulate collector. The fifth and final essential element of the invention is

that at some time before it is mixed with the mercury-containing combustion gas, the carbon

material must (5) be exposed to a bromine-containing treatment gas, possibly producing surface

complexes that are particularly reactive to gaseous mercury species.

[036] I have discovered that the simple act of exposing a carbonaceous material,

preferably powdered activated carbon (PAC), to gaseous bromine, Br2 (g), or to gaseous

hydrogen bromide, HBr (g), significantly increases itsthe carbonaceous material’s ability to

remove elemental mercury species when injected into high-temperature coal-fired flue-gas

compositions at high temperatures.  This could be a very important advance:. Surprisingly, gaseous

bromine produces a much more effective and appropriate carbon sorbent for mercury in hot

combustion gases than do iodine or iodide species, or chlorine or chloride species, in contrast to

what has been taught in the prior art.

[037] The combination of carbon and gaseous bromine produces an inexpensive sorbent

material that can be simply injected into the ductductwork of a power plant ahead of thean

existing electrostatic precipitator, without the need for large sorbent volumes, of sorbent,

retrofitted flue -gas cooling, or extended sorption time on an addedadditional fabric filter.
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[038] By simplyWhile not intending to be limited by hypothesized chemistry, it appears

that in exposing PAC to concentrated bromine gas, a relatively large quantity of this gas appears to

reactthe bromine reacts with the carbon, forming surface compounds on the large surface-area of

the carbon. When the PAC is then injected into the flue gas, the elemental mercury and oxidized

mercury species there reactsappear to react with at least one form of the bromine-carbon surface

compounds that were created and isare held fast. When the carbon particles are then removed

from the flue gas along with the fly ash by the electrostatic precipitator (ESP) or fabric filter, the

mercury can thus beis removed with them. The mercury sorbents are then disposed of with the fly

ash. Because the mercury has now been chemisorbedchemically adsorbed, rather than simply

physisorbedjust physically adsorbed, the captured mercury appears to be very stable and does not

revolatilize or leach.

[039] Production of the new mercury sorbent materials is simple and inexpensive. The

carbon material and the bromine gas need simply be exposed tocontacted with each other for the

advantageous mercury-reactive surface compounds to quickly form. Elemental bromine is a

liquid at roomambient temperature, but turnstums to a gas at only a modestly elevated

temperature. Hydrogen bromide is a gas at even roomambient temperature.  Using a gas

the-phase carbon reactant considerably simplifies the production of the sorbent and leads to the

low costs which are a requirement for a sorbent to be used as a once- through duct injectant. Any

common mixing method and equipment can be used, thoughuse to contact the gaseous bromine

species with the carbon-based substrates, although it is preferably of alined with corrosion--

resistant material, because the bromine species can be quite corrosive. It is also preferable that

the mixing of bromine gas and carbon be done at an elevated temperature. This keeps the

bromine gas in the gaseous form, but also decreasesminimizes the amount of any bromine

physisorptionphysically-adsorbed into the pores of the carbon. Such physisorbedphysically

adsorbed bromine is not chemically adsorbedbound to the carbon lattice and can be emitted from

the carbonin handling, in storage, and especially, when the sorbent is injected into a hot flue gas.

To produce larger volumes of the improved sorbent, commercial powdered activated carbon can be
placed in a Teflon-lined barrel covered with a heat blanket, insulation, and metal covering.  See the
drawing below.  The barrel and material are heated to from 65°C to 175°C while on a drum roller.  The
proper amount of liquid bromine, under a nitrogen purge, is then metered by a calibrated pump into the
heated drum where it vaporizes.  The connection line is then disconnected and the drum roller turned on.
Pressure originally builds up in the drum, but subsides to atmospheric when all of the bromine has been
incorporated into the carbons.  This process can easily be scaled up to tonnage quantities and either be
used independently or added onto the PAC production process.
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By reacting the carbon material with bromine, the capacity of the carbon for mercury is significantly
increased. This

[040] Reference will now be made in detail to the preferred embodiments of the

invention which are illustrated in the accompanying figures.

[041] Figure 1 is a block diagram describing the process for manufacturing the mercury

sorbent of the invention. Elements with dotted lines are preferred embodiments, rather than

required steps of the invention. The process begins with a carbonaceous substrate material 1 for

the mercury sorbent. Many different materials can perform this role in the invention. By way of

example, but not intending to be limiting, possible carbonaceous materials comprise: activated

carbon, activated charcoal, activated coke, char, and unburned or partially-burned carbon from a

combustion process. The carbonaceous substrate could even be another specialty mercury

sorbent, a sulfur-impregnated PAC, for example. The important features of the sorbent substrate

material are that it is significantly composed of carbon and that it has an adequate degree of

porosity or surface area to enable it to provide mercury removal in the process. The size of the

carbonaceous particles during bromination is not critical as long as their mass is uniformly

exposed to and reacted with the bromine. The material can be fine enough already so that it can

be mixed with and carried by the mercury-containing flue- gas stream, or it can be large and

granular, to be comminuted after bromination, but prior to being injected into the

mercury-containing gas stream.

[042] A preferred carbonaceous substrate material is activated carbon. If the

manufacturing process of this invention is integrated into the manufacture of the activated carbon

material itself, the carbonaceous substrate could be, for example, the carbon material after it has

undergone a steam activation procedure. Alternately, the activated carbon entering the treatment

process at 1 can be an existing commercial product. Preferably the activated carbon is in a very

fine state, which allows for a more uniform bromination later in the process. An example would

be a powdered activated carbon (PAC). Such a material would already have some gas-phase

mercury adsorption capability which the treatment process of this invention will greatly amplify.

[043] If the carbonaceous substrate material 1 begins at ambient temperature, preferably

it is preheated 2, to a temperature of above about 100°C. One purpose of such preheating is to

drive off any physically-adsorbed moisture from the carbonaceous substrate which blocks the
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material’s pores and will interfere with the bromination step. A separate vessel may optionally be

utilized for this preheating step or it can be integrated into the larger processing scheme.

[044] A critical element in the process is that a bromine-containing gas 3 is used to treat

the carbonaceous substrate. Preferably this gas comprises elemental bromine, Bri(g), although

other bromine-containing gases, such as hydrogen bromide, HBr, will also have the

advantageous effect of the invention.

[045] In the liquid form at ambient temperatures, elemental bromine is dense and

compact, with advantages in transport and storage. To be utilized in this invention, however, it

must first be heated to at least about 60°C and turned into a gaseous state. In such a state it can

more uniformly treat the carbonaceous materials at low levels and provide the desired effect of

increasing their mercury sequestration capabilities. A preferred method of converting the liquid

bromine to a bromine-containing gas is to use a heated lance. Liquid bromine can be metered

into such a heated- lance system at one end and be distributed as a gas to the substrate materials

at the other end.

[046] In some applications it may be beneficial to utilize a diluting carrier gas to better

distribute the Br2(g) or HBr(g) among the carbonaceous substrate particles. However, if the

process of this invention is practiced in a batch mode, it can be preferable to use pure Br2(g) or

HBr(g). These can be injected into a sealed processing vessel with only a modest, temporary rise

in vessel pressure, with the pressure subsiding as the bromine gas species become incorporated

into the carbonaceous substrates. It is not a preferred embodiment of this invention to include

water with the bromine gas vapor if this causes corrosion problems in the processing equipment

that outweigh any advantages.

[047] The key step in the sorbent manufacturing process is exposing the dried

carbonaceous materials to the bromine-containing gas, 4. When the gas contacts the solids, it is

quickly adsorbed and reacted with materials. Preferably this is done at an elevated temperature,

with the carbonaceous materials at least as hot as the bromine-containing gas. More preferably

this is done with the carbonaceous materials at a temperature at or above about 150°C, or above

the temperature of the mercury-containing flue-gas stream into which the sorbents will be

injected. The contacting of the bromine-containing gas and carbonaceous solids can be done at

any advantageous pressure, including atmospheric pressure.
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[048] The carbonaceous materials will both physically adsorb the bromine species at 4

and chemically react with them. It is preferable to minimize the amount of bromine that is

physically- adsorbed weakly on the carbons. Physically adsorbed bromine is prone lo desorb

from the materials• upon changed conditions, such as injection into a hotter gas stream, for

example. It is desirable to have the bromine as stable as possible on the carbon, yet in a form that

is still reactive towards mercury. By exposing the carbon to the bromine at an elevated

temperature, less of the bromine species will volatilize off from the sorbents during their

transport and storage or upon their injection into the hot combustion stream.

[049] Any level of bromination of carbonaceous substrates appears to increase their

mercury-removal performance. While over 30 wt% of Br2(g) can be adsorbed into some

powdered activated carbons, for example, significant increases in mercury reactivity will be

observed with only about 1 wt% Br2(g) in the PAC. Greater degrees of bromination do correlate

with greater maximum mercury capacities for a particular carbonaceous substrate. However,

with the sorbent-injection application of this invention, only a fraction of a material’s maximum

possible mercury capacity is typically utilized, so the optimum level of bromine to combine with

the carbon substrate may vary with the particular situation. If a PAC substrate is used,

brominating to 1 wt% provides a highly- capable mercury sorbent, although a 5 wt% material

preforms better and may be preferable. Brominating to 15 wt% Br2 generally produces an even

more capable mercury sorbent, but as some of the bromine is held at less-energetic sites, there is

a greater possibility that some degree of bromine may evolve off under some circumstances.

Mercury sorbents with higher bromine concentrations will take longer to produce and cost more

as well.

[050] Note that the bromination step 4 can occur in any number of possible reactors.

The particular equipment used to contact the carbonaceous substrates with the

bromine-containing gas can be, for example, a stationary mixer, a rotating drum, a structure with

a vertically-moving bed, a fluidized-bed unit, a transport reactor, or any other contactor known in

the art. The manufacturing process is not limited by the type of process equipment used. Any

equipment or method that quickly and evenly distributes the bromine-containing gas to

intimately contact the carbonaceous particles will satisfy the requirements of the invention.

[050] Preferably an additional step 5 is utilized in the process to strip off any

weakly-held bromine species from the sorbents after the bromination step, making the sorbents
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safer to use. This can be accomplished by numerous methods, including by vacuuming out the

vessel holding the materials, by purging the vessel with air or an inert gas, by heating the

sorbents to a temperature above that of their bromination, or by a combination of these methods.

In one embodiment of the process any bromine species that are desorbed can be transported to

unsaturated substrate materials upstream in the process, eliminating the need to dispose of the

off-gas stream.

[051] Finally, in many instances it will be useful to cool the brominated mercury

sorbents, 6. At this point the improved mercury sorbents can be packaged or stored or used

directly at the site of the mercury-containing gas.

[052] Figures 2 through 6 are schematic diagrams of exhaust gas systems describing

example methods for using the sorbents of the invention to remove and sequester mercury from

hot combustion gases.

[053] Figure 2 applies the sorbents to a combustion gas stream where a fabric filter

(baghouse) is utilized to collect the fly ash generated during combustion. Coal or wastes or other

fuels are combusted in a boiler I I generating mercury-containing flue gas which is cooled by

steam tubes and an economizer 21. The gas typically flows through ductwork 61 to an air

preheater 22, which drops the gas temperature from about 300-to-400°C down to about

150-to-200°C in the ductwork 62 exiting the air preheater.

[054] In such an arrangement, the mercury sorbent of this invention, stored in a

container such as a bin 71, is fed to and through an injection line 72 to the ductwork 62 and

injected through a multitude of lances to be widely dispersed in the hot combustion flue gas.

Mixing with the flue gas, the sorbent adsorbs its elemental mercury and oxidized mercury

species. The sorbent flows with flue gas to a fabric filter 31 and is deposited on the filter bags in

a filter cake along with the fly ash and other gas-stream particulates. In the fabric filter the flue

gas is forced through the filter cake and through the bag fabric. This causes intimate contact

between the sorbents and the remaining mercury in the flue gas and will result in a high degree

of mercury capture with a high degree of utilization of the sorbents. Cleansed of its mercury

content and particulates, the flue gas exits the fabric filter to ductwork 63, the smokestack 51,

and then to the atmosphere. Upon cleaning of the fabric filter bags, the mercury sorbents in the

filter cake fall into hoppers and are eventually emptied from the fabric filter 81 and are disposed

of along with the collected fly ash and unburned carbon. The mercury sorbents of this invention
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will generally make up on the order of 1 wt% of the collected particulates in pulverized coal

power-plant applications.

[055] Figure 3 describes the possible application of the sorbents to a plant which has

“cold-side” electrostatic precipitator (ESP) 32 instead of a fabric filter. This is a more difficult

situation for mercury removal than with a fabric filter because the flue gas is not forced through

the sorbent in a filter cake layer of a collection bag. The hot mercury-containing combustion gas

is generated in the boiler 11 as in Figure 6 and flows through the same equipment to the

ductwork 62. The mercury sorbent of bin 71 is similarly injected 72 into the ductwork to mix

with the flue gas. Because of poorer mass transfer within the ESP 32, however, it is particularly

important to inject at 72 as far ahead of any turning vanes, flow distributors, ductwork, and other

exposed surface-area in the ductwork as possible. This not only provides more residence time for

the sorbents to mix with and remove mercury from the flowing gas, but provides more mass

transfer area for the sorbent to collect on, further increasing the overall mass transfer and

mercury removal. In the ESP 32, the sorbents are collected on plates with the fly ash and upon

rapping of the plates are eventually discharged from the ESP 81 for disposal along with the rest

of the particulates.

[056] Figure 4 describes the possible application of the sorbents to a plant which has a

“hot- side” ESP, a particularly difficult situation for mercury control. In this equipment

arrangement, the air preheater 22 follows the ESP 32, so the temperature of the

mercury-containing flue gas in the ductwork 64 before the particulate collection is very high, in

the range of 300-to-400°C. Plain powdered activated carbons do not capture any mercury at these

temperatures and PACs impregnated with iodine or sulfur lose their impregnates. Surprisingly,

the mercury sorbents prepared according to the process of this invention appear to capture

mercury in at least the lower end of this temperature range. Consequently, the sorbents from bin

71 can be useful even when injected at 72 into the very hot, low-oxygen, mercury-containing

gases in ductwork 64. The sorbents would be collected with the other gas stream particulates in

the hot-side ESP 32 and the cleaned gas would proceed through ductwork 65 to the smokestack.·

[057] The method for removing mercury from combustion gas streams of this invention

is not limited to the particular arrangements described in the figures. These have been provided

simply to illustrate common examples and many other variations are possible. For example, a

wet scrubber for flue gas desulfurization could appear at 63 in Figures 2 through 4 or a
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particulate scrubber could replace ESP 32. Selective catalytic reduction (SCR) units for NOx

reductions, or flue gas conditioning systems to improve particulate removal, could also be placed

in the equipment arrangements. The utility of the disclosed mercury-removal method would be

unaffected, however.

[058] Similarly, the mercury sorbents could be injected while mixed in with sorbents for

other flue gas components, such as calcium or magnesium hydroxide or oxide for flue gas SO3,

HCI, or SO2, rather than injected alone. Alternately, the mercury sorbents could be injected in a

liquid slurry, which would quickly evaporate in the hot flue gas. Other variations of the methods

of applying this invention can be formulated by those familiar with art and they should be

considered within the scope of this disclosure and the included claims.

[059] Two such arrangements bear particular mention. Figure 5 applies the sorbents in a

“TOXECON®” arrangement. Here the mercury sorbents 71 are injected after an ESP 32 into the

almost particulate-free ductwork 67 before a small, high-velocity fabric filter 33. In this manner

the fly ash 80 does not become mixed with the carbonaceous sorbents, allowing the fly ash to be

sold for concrete use. Moreover, the filter cake of fabric filter 33 would predominantly be

mercury sorbent, allowing a longer residence time, higher utilization levels, and the possibility of

recovering and reinjecting the sorbent to lower costs. The superior reactivity and capacities of

the mercury sorbents of this invention make them prime candidates for use in such an

arrangement.

[060] Figure 6 illustrates sorbent usage at plants that have spray dryers for acid rain

control. The mercury sorbent could be injected before the spray dryer 62, into the spray dryer 4 l,

into the ductwork 68, between the spray dryer and the particulate collector 31 or 32, or mixed in

with the scrubber slurry itself.

[061] Other possible alternatives within the scope of the invention would be to

brominate unburned carbon collected from a particulate collector and then to inject it into the gas

stream or to brominate carbonaceous “thief’ particles withdrawn from the combustor 11 before

their complete combustion and to inject them at lower temperatures downstream.

[062] Now the present invention will be further described in detail by way of examples.

EXAMPLE 1

[063] The gas-phase bromine treatment wasof this invention bas been tested on many

different commercially-available powdered activated carbons (PACs). Each washas been found
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to be easily “brominated” to at least 15 wt% Br, including PACs from BarnabyBarnebey

Sutcliffe, Calgon (both Centaur® andWPL, Fluepac A, and Centaur®), General Carbon, Nichem,

Action Carbon, Advance Recovery Technologies, and Norit. Norit’s DarkoDarco FGD®. the

standard is a common PAC typicallyfrequently used by other researchers as a comparative

yardstick.
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[064] The bromine-gas treatment of this invention was found to markedly

increasedincrease the elemental-mercury removal-capacity of every PAC tested.  ToFigures 7, 8,

and 9, exhibit the right are fixed-bed mercury breakthrough-curves forof three of thecommercial

PACs, comparing the elemental mercury capacities of both the untreated and bromine-treated

materials. Laboratory fixed-bed capacity tests roughly simulate the conditions of a sorbent in a

filter cake on a bag in a fabric filter. While they do not simulate the kinetics and mass transfer of

duct-injection into an ESP, they do provide measures of the maximum mercury capacity of the

material and the slope of the breakthrough curve provides some idea of the kinetics.

[065] The standard laboratory fixed-bed testing procedure that was used is similar to

that of other researchers and generates a typicaltraditional breakthrough curve.  In the standard

procedure used in these experiments, thin fixed-beds of PAC of about 50SO-mg were

vacuum-applied to filters and placed in a filter-holder in a 175°C laboratory oven at l 75°C

(350°F), the temperature commonly available before particulate collection devices at combustor

facilities. The treated samples had been earlier exposed to gaseous bromine at 175°CoC in a

closed container until no gaseous bromine was detected.  A

[066] In the examples of Figures 7, 8, and 9, a challenge gas was sent through heated

lines to each of the materials at 6.7 lpm that contained an average of about 400 ugµg/Nm3 of

elemental Hg from VICI permeation tubes in a temperature- controlledan oil bath. To simulate a

coalfiredcombustion gas stream, 1400 ppm SO2 and 400600 ppm NONOx from bottled gases and

4 wt% of water from a peristaltic pump were also spiked into the gas with the balance being 11.5

% O2 and the rest, N2.  Mercury levels both into and out offrom the materials were measured with

an Arizona Instruments Jeromea gas-phase elemental mercury analyzer. A detailed description of

the test unit can be found in a paper by the inventor, along with Qunhui Zhou, and Jon Miller,

“Novel Duct-Injection Mercury Sorbents,” presented al the Air Quality III Conference in

Arlington, Virginia in September, 2002.

[067] TheAs described in Figures 7, 8, and 9, the bromine pretreatmentstreatments of this

invention increased the elemental mercury capacity of these PACs by from 500% to 1000%.  (
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[068] Plotting the curvecurves as a function of cumulative Hg utilization in terms of

wt% of the sorbent, rather than as a function of time, normalizes the curves for comparison under

different conditions. Note that the inverse of the utilization at breakthrough corresponds to the

minimally -required sorbent injection rate expressed as a sorbent weight-ratio to mercury in the

flue gas.
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Examples of patent claims for this improvement to the practiced art could be:

I claim:

A.1. In a process for removing mercury from a at the conditions tested. The high absolute

mercury utilizations of these materials are partially due to the high mercury concentration used in

this example, which is typical of the combustion gas comprising:

a. discharging a carbon material from a storage container,

b. injecting the carbon material into the combustion gas,

c. allowing the carbon material to widely disperse within the gas and adsorb mercury there
from, and then

d. separating the carbon material from the combustion gas, from a waste incinerator.

However, the relative increases in mercury capture with bromination are proportional to those

found at the lower concentrations more typically found at coal-fired power plants as well.

the improvement comprising:

exposing said carbon material to a bromine-containing gas prior to said injection.

A.2. A method as in A.1., wherein

the bromine-containing gas comprises gaseous bromine or hydrogen bromide.

A.3. A method as in A.2., wherein

the carbon material comprises powdered activate carbon.

A.4. A method as in A.2., wherein

the exposure of the carbon material to the bromine-containing gas occurs above a temperature of
75°C.

A.5. A method as in A.2., wherein

the exposure of the carbon material to the bromine-containing gas occurs above a temperature of
150°C.

B. Use of Carbon Black as an Injected Sorbent

Even given adequate sorbent capacity and kinetics, bulk-gas mass transfer might pre-limit mercury
removal performance.  Before mercury atoms or molecules can adsorb onto or react with sorbent
particles, they must first find them.  If there is not enough sorbent macro-surface area available in a given
exposure time, all the mercury will not have the opportunity to transverse the sorbent particle’s
“boundary layer” to adsorb or react with the sorbent’s micro-surface area.  This constraint can be
relieved either by adding more sorbent (and so, more macro-surface area) to the duct, by providing
additional particle residence time, or by decreasing the average particle size.
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Ideally, to avoid wasting money, mercury sorbents should be saturated in use close to their innate
capacities, unconstrained by other possible rate-limiting factors.  Unfortunately, it docs appear that
otherwise high-capacity, high-reactivity PACs, plain or impregnated, may sometimes be “artificially”
limited in duct-injection applications by bulk-gas mass transfer limitations.  The finest grades of
commercial PACs still have a mass-mean diameter of about 10 microns.  At this size, calculations have
shown that bulk-gas mass-transfer may prevent optimum performance.  Relieving this limitation by
adding more sorbent or residence time adds significantly to total costs. However, there may be an
alternative.

To get around the mass-transfer problem, I teach to use carbon blacks as an alternative to powdered
activated carbon as the bromine substrate in this project.

Carbon black is a common, high-volume, commercially-available product.  It is mixed into rubber to
provide durability and opaqueness in automobile tires, compounded with plastics to provide static
dissipation, and used in the toner producing the print on this page.  There are many different varieties
available. Blacks are produced from the intentionally-quenched, partial combustion of hydrocarbons.
Carbon black prices range from about $1,000 per ton up to $3,000 or more for specialty blacks.

If the in-duct mercury performance of PAC is rate-limited by bulk-gas mass transfer, smaller carbon
particles should perform significantly better.  Carbon black particles, and even carbon black aggregates,
are significantly smaller than PAC particles.  Individual furnace black particles usually have diameters
ranging from about 10 to 50 nanometers.  Powdered activated carbons, on the other hand, average over
10,000 nanometers in diameter. Brominated carbon blacks would be so small as to constitute
“nanosorbents” for mercury.

A number of commercial carbon blacks were acquired and tested for their bromination capabilities.  The
procedures for their production and use are the same as those described earlier for PACs.  Like PACs, the
blacks could be easily brominated, but to somewhat lower levels.  As with the PA\Cs, the bromine of the
treated materials appeared very stable.  And most importantly, like with the PACs, the bromine-gas
pretreatment increased the elemental mercury removal-capacity of these materials by 500 to 1000%.  See
the following example.

The mercury removal performance of these new

COMPARATIVE EXAMPLE 1.

[069] In this example, a Norit Darco FGD PAC was brominated according to the

invention to 10 wt% with Br2(g). Part of this sample was then additionally impregnated to 15

wt% with a non-volatile acid, H3PO4, as taught by Aibe ct al., U.S. 4,427,630. When both

samples were tested according to the procedures in Example 1, the nearly identical breakthrough

curves of Figure 10 were obtained. The additional acid-treatment step provided no benefit for the

capture of mercury.

EXAMPLE 2.
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[070] A series of fixed-bed mercury-capacity evaluations were performed examining the

relative performance of a typical powdered activated carbon, Noril Darco FGD®, adsorbed or

reacted with different halogen species. The procedures of Example I were repeated, except that

smaller samples were used and a mercury challenge-gas concentration was about 13 µg/Nm3,

typical for flue gases of coal-fired power plants. The resulting breakthrough curves are plotted in

Figure 11.

[071] The sample that had been exposed to gaseous chlorine, Cl2(g), exhibited some

improvement in mercury removal performance relative to the plain, untreated PAC. Two samples

of HCI-treated PACs showed even higher ultimate mercury capacities, but poorer kinetics. One

of these samples had been pretreated by flowing gas-phase HCI through the PAC sample until it

no longer added mass. The other, acquired from Ghorishi et al., was produced by a dilute

liquid-phase HCI treatment described in their publications. The elemental mercury breakthrough

curves of the two HCI-treated PACs were very similar, exhibiting a slow and steady drop-off in

performance, indicative of poor mercury adsorption kinetics. In contrast, the brominated sample

of this invention broke through very sharply and captured more than five times the elemental

mercury of the untreated PAC.

EXAMPLE 3

[072] Examples of sorbents of this invention have also been evaluated in other

laboratory- scale fixed-bed test systems by others for elemental and oxidized (HgCl2) mercury

capacity. Test systems for each species, very similar to the one used in Examples 1, 2, and 3,

have been described in detail in Carey et al., “Factors Affecting Mercury Control in Utility Flue

Gas Using Activated Carbon”, J. Air & Waste Mange. Assoc., 48, 1166-1174, 1998. Major

differences between the systems, however, concern the loading of the test sorbent and the

mercury concentration of the challenge gas. Rather than vacuum-load the test sorbents onto a

two-dimensional filter, as in Examples l and 2, in the tests of this example the sorbents were

mixed 1:10 with inert sand and loaded as a three-dimensional bed. Second, the tests in Examples

3 were performed with a mercury concentration of 10 to 15 µg /Nm3, duplicating common power

plant parameters, whereas in the tests of this example were at concentrations of about 75 µg/Nm3

for Hg(O) and about 30 µg/Nm3 for HgCl2. The results were then “normalized” to 50 µg/Nm3.

Because of these differences, quantitative results on the two systems can be expected to be

different; however, the qualitative results should correspond.
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[073] A number of the brominated sorbent materials appears to be a direct function of their

bromination level. See the breakthrough curve results below for a Monarch carbon black,samples were

tested under the standard conditions previously outlined, which had been brominated to different

levels.

Clearly, the higher the added bromine, the higher the mercury capacity of the sorbents. These results also
reinforce the conclusion that the mercury removals are chemisorptions.

In fixed-bed tests, the bromine-treated blacks do not have the mercury capacities of the treated PACs, but

their capacities were still relatively large.  Moreover, in the actual duct-injection mode, all of their

capacity may be utilized.  They could be used on their own, or possibly mixed in with the much larger,

treated PACs to remove the last 10 to 20 % ofof these units, with the elemental mercury.

Moreover, I have found, surprisingly, that carbon black has utility as a duct-injectant, by itself,

unbrominated, for capturing test gas containing 400 ppm SO2, 200 ppm NOx, 2 ppm HCI, and 7%

H2O, and the oxidized forms of mercury, such as HgC12, from hot gas streams.  At my direction,

laboratory mercury-chloride fixed-bed testing was performed by URS Corp. on a variety of carbon black

samples in tests similar to those described previously.  The challenge gas contained test gas containing

400 ppm SO2, 400 ppm NOx, 50 ppm HCI, and 7% H2O, approximately 50 ug/Nm3 HgCl2, with the

balance N2.  The results follow. The sorbents were loaded at 2 mg/g of sand and the tests were run

at 135°C, favoring the untreated PAC, which does not work well at more-elevated temperatures.

Capacity of Carbon Blacks for Mercury Chloride under Flue Gas Conditions

C.C. = Columbian Carbons

These oxidized mercury capacities are relatively large and the breakthrough slopes are steep, indicating
good reactivity for duct-injection application.  Therefore, carbon blacks can be injected by themselves to
remove oxidized mercury.

Examples of patent claims for this improvement to the practiced art could be:

I claim:

B.1. In a process for removing mercury from a combustion gas comprising:

a. discharging a carbon material from a storage container,

b. injecting the carbon material into the combustion gas,

c. allowing the carbon material to widely disperse within the gas and adsorb mercury there
from, and then
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d. separating the carbon material from the combustion gas,

the improvement comprising:

using carbon black as the carbon material.

B.2. A method as in A.2., wherein

the carbon material comprises carbon black beads or pellets.

C. Injection-Line Jet-Milling

If carbon black sorbents are to be utilized, jet milling may also be required. Carbon blacks are
commercially available in two forms: agglomerated beads and “fluffies.”  The majority of carbon black is
sold, shipped, stored, and discharged into their use in bead form.  The finer fluffy material is not dense
enough to be shipped by pneumatic bulk trucks or to be fed from large hoppers.  This form is used only
in small batches in specialty applications, such as inks and coatings.

In this new mercury-sorbent application for carbon black, it is the finer, deagglomerated form that will
perform best. However, because of the quantities needed, it will have to be, optionally, pretreated;
shipped; stored; and discharged from storage as a bead.  Consequently, I teach that to effectively use
carbon black as a mercury sorbent material, on its way to be injected it would advantageously first
encounter a jet mill.  With the help of pressurized air, the carbon black would be torn apart and
autogenously abraded the jet mill, producing smaller, more-active particles. The outlet of the jet mill
would then lead to the injection ports.

Injection-line jet-milling would improve the performance of powdered activated carbons as well.
Decreasing the PAC particle size will increase the mercury mass transfer by increasing the external
surface are available to connect with the mercury vapor.  Thus more of the innate mercury capacity of the
PAC can be utilized, increasing the removal rate while decreasing

[074] The results appear in Figure 12. The data for plain Norit Darco FGD® PAC, used

as a reference standard, are averages from ten tests. The values for capacity at initial

breakthrough represent the cumulative mercury adsorption of the sample at the point bed

breakthrough begins. As before, the brominated carbons adsorbed considerably more mercury

species than the untreated versions, with the improvements averaging about 100%. Importantly,

the bromine-gas-treated sorbents removed about as much oxidized mercury-chloride from the

test gases as elemental mercury, indicating performance improvements with both kinds of

common flue-gas mercury species.

EXAMPLE 4.

[075] To determine if the mercury sequestration results on actual, coal-fired flue gas

would parallel those achieved with the simulated flue gases, a sample of the 15 wt% brominated

sorbent of this invention was included in fixed-bed capacity-tests performed on a small

AMEREN UE EXHIBIT 1010
 Page 26



slipstream of flue gas at We Energies’ Pleasant Prairie power plant in Wisconsin in the U.S. The

Pleasant Prairie plant bums a low-sulfur subbituminous coal and has high mercury of about 14

µg/Nm3, nearly all in the elemental form. The brominated sorbent was tested at 150°C with SO3

in the gas stream from a flue gas conditioning system. See the results in Figure 13. Of the

sorbents tested under these conditions, the brominated sorbent performed the best, removing

over 300% more mercury than the untreated PAC, for example.

EXAMPLE 5.

[076] In the next example, a large series of actual duct-injection runs were performed

with a simulated coal-fired flue-gas stream on a 50-acfm pilot-scale test system. The mercury

mass transfer to fluidized sorbent and adsorption kinetics in this system are similar to that in a

full-scale utility application. The fully-instrumented duct-injection test system that was used

included a propane burner unit to generate the hot flue gas; a humidification drum to add an

appropriate degree of moisture to the gas; an elemental mercury spiking subsystem with

elemental mercury permeation tubes; a flue gas spiking subsystem with mass flow controllers for

SO2, NOx, and HCI; a small sorbent feeder and fluidizing injection subsystem to lessen sorbent

pulsing; 10 meters of insulated, 10-cm-diameter ducting circling the ceiling; thermocouples; an

electrostatic filter with an effective specific collection area (SCA) of about 500 ft2/Kacf; a

back-up fabric filter; a safety filter; an orifice plate to measure flow; and a variable-speed I.D.

fan. The gas temperature at injection was about 175°C and at the ESP was about 145°C and the

spiked flue gas concentrations were about 24 µg/Nm3 Hg(0), 1400 ppm SO2, 600 ppm NOx, and

5 ppm HCl, typical values for coal-fired power plants.

[077] Both an untreated PAC, Norit Darco FGD, and brominated samples were injected

at various rates into the hot gas with a ductwork residence time of about 3.5 seconds before the

miniature ESP. The brominated PACs were treated to different levels with gaseous Bri(g) or

HBr. Mercury measurements before and during injection were taken using a SnClz

oxidized-mercury conversion system and a dual-beam cold vapor atomic adsorption analyzer

outfitted for continuous, gas-phase use.

[078] The results of the various duct-injection runs appear in Figure 14. At every

bromine level and injection level tested, the brominated samples removed more mercury from

the gas than did the untreated samples. There was not much difference in the performance

between the various brominated samples, probably because in the duct-injection mode they only
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used a small fraction of their available mercury adsorption capacity. In general, however, the

brominated samples performed about 400% as well at sequestering mercury as the untreated

samples. To achieve 50% mercury removal, for example, required over 8 lb of untreated PAC

per million actual cubic feet of gas flow, but less than 2 lb were required with brominated PAC.

The brominated PAC achieved 90% mercury removal with only 4 lb of sorbent injected/MMacf.

[079] FGD PACs impregnated with other halogens were also tested under the same

conditions in the pilot unit. Results were not nearly as good as for the gas-brominated sorbents of

this invention. See Figure 14. About three times as much chlorine-gas treated PAC was required

to achieve the same degree of mercury removal as with bromine. The results for a commercially-

available iodine-impregnated carbon, CB, from Barnebey Sutcliffe, which is produced from a

potassium iodide solution and uses an expensive coconut-shell carbon substrate, were somewhat

ambiguous. After being ground to a size similar to that of the FGD PAC, it was injected into the

gas stream, flowing in the ductwork like the other samples. However, it appeared that a major

portion of the iodine volatilized off from the materials at the flue-gas temperatures and, rather

than sequestering the elemental mercury, simply converted a majority of it to an oxidized form.

EXAMPLE 6.

[080] For duct-injection testing at larger-scales, a series of 20-kg batches of the sorbents

were prepared according to the methods of this specification and Figure 1, brominating at about

150°C. In this example, however, the vacuum,-purge,-or-heat step after bromination was not

used, allowing a possible degree of loosely-held physically-adsorbed bromine gas to remain on

the sorbents. A similar chlorine-gas-treated material was also produced. The halogens were

delivered to the heated PAC substrates through a heated lance, entering the sealed vessel as

gases, and the vessel was rotated.

[081] Manufacture of the elemental bromine sorbents was much faster than for the

others. The elemental bromine was adsorbed and reacted with the PACs much faster than was

the elemental chlorine, for example -- one-hundred-times faster. This allowed for quick and

inexpensive manufacture of these sorbents. See the table below with rate data in terms of grams

of gas adsorbed per kilogram of PAC per minute. The PAC adsorption of gaseous hydrogen

bromide, HBr(g), was ten times faster than it was for chlorine.
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[082] To check the stability of the treated sorbents, they were placed in sealed

containers and left for a few days. Upon opening the containers, measurements were made in the

headspaces for volatilized species. See the results above. No released bromine was detected in

the 5wt% Br2 sorbent, but very high off-gassed chlorine was detected in the chlorine container.

EXAMPLE 7.

[083] A large-scale duct-injection trial of the technology was performed at the 18-MW

scale, with about 60,000 acfm of flue gas at 160°C. The plant had stoker-fed boilers, burned a

high-sulfur bituminous coal, and had just a cold-side ESP for emission control. Baseline

sampling according to the Ontario Hydro Method indicated no intrinsic mercury removal of

mercury across the ESP.

[084] Without sorbent injection, the plant emitted about 10 µg/Nm3 of mercury from the

stack, with 80 to 90% of this in oxidized forms. In these trials, the mercury was measured using a

speciating PS.Analytical Sir Galahad continuous mercury monitor. Inlet mercury values were

obtained by sampling upstream of the sorbent injection point and outlet mercury was measured at

the stack. The sorbents were injected into ductwork through a lance to mix with the flue gases

about 40 feet from the entrance to the ESP. The flue gas contained about 1000 ppm of SO2, 250

ppm of NOx, and 25 ppm of HCI. The ESP had an SCA of 370 ft2/Kacfm.

[085] A number of different sorbents were evaluated in the trials at different injection

levels. Results are presented in Figure 15. The untreated Norit Darco FGD® PAC used as a

baseline did not remove much mercury at this plant. At an injection rate of almost 18 lb/MMact:

it captured less than 20% of the flue-gas mercury. The plant’s unusually high SO3 of about 20

ppm, which competes for active adsorption sites on the PAC, may be responsible for this poor

performance. Treating the PAC with chlorine gas, Cl2(g), to 13wt% produced only lightly better

performance.

[086] The brominated sorbents of this invention, on the other hand, performed very well

with this difficult flue gas, achieving about 50% mercury removal with only 2 lb/MMacf of

sorbent consumption requirements.

Examples of patent claims for this improvement to the practiced art could be:

I claim:
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C.l. In a processand almost 70% removal at an injection rate of 4 lb/MMacf. PACs

brominated with Br2 to 5 wt% and 15 wt%, and with HBr to 9 wt% all performed similarly.

EXAMPLE 8.

[087] The sorbents of this invention do not appear to easily give up their captured

mercury. Toxic Characteristic Leaching Procedure (TCLP) testing has not detected any mercury

leaching from the materials. In one example, a well-saturated fixed-bed sample of

l5wt%-brominated sorbent was mixed with ash to 0.9 µg Hg/g fly ash, a representative amount

for a pulverized-coal boiler, and sent to an outside laboratory for leachate testing. An additional

fly-ash blank and a sample incorporating a representative amount of spray dryer waste were

included for comparative purposes. The TCLP results were all below the laboratory’s detection

limits:
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CLAIMS

What is claimed is:

1. A method for removing mercury and mercury-containing compounds from a combustion

gas in an exhaust gas system, comprising:

a. discharging a carbon material from a storage container,

b. the steps of:

providing a mercury sorbent that has been prepared by treating a carbonaceous

substrate with an effective amount of a bromine-containing gas for a sufficient time to increase

the ability of the carbonaceous substrate to adsorb mercury and mercury-containing compounds;

injecting the carbon materialmercury sorbent into a stream of the

mercury-containing combustion gas,

c. allowing the carbon material to widely disperse within the for a sufficient time

to allow an effective amount of the mercury and mercury-containing compounds in the

combustion gas andto adsorb onto the mercury there from,sorbent; and then

d. separating

collecting and removing the carbon materialmercury sorbent from the combustion

gas,

the improvement comprising:

discharging the carbon material to a jet-milling device which mills the carbon material to
finer particles prior to its injection into the combustion gas.

C.2 stream.

2. The method of claim 1, wherein:

the bromine-containing gas comprises elemental bromine.

3. The method of claim I, wherein:

the bromine-containing gas comprises hydrogen bromide.

4. AThe method as in C.1.of claim 1, wherein

:

the carbon materialcarbonaceous substrate comprises powdered activateactivated carbon.

C.3. A
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5. The method as in C.of claims 2., wherein

:

the carbonaceous substrate comprises activated carbon material.

6. The method of claim 3, wherein:

the carbonaceous substrate comprises activated carbon black beads or pellets.

D. Electrostatically Charging the Sorbent

Once injected into the fast-flowing combustion gas in the ductwork, the fine sorbent particles will usually
only spend about one or two seconds adsorbing mercury until they are separated from the gas stream by
an electrostatic precipitator.  Consequently, it is crucial that the fine particles adequately deagglomerate
and disperse as quickly and as uniformly as possible.

Such deagglomeration and dispersion can be improved by providing all of the sorbent particles with a
common electrostatic charge.  Such a common charge can be transferred to the particles by passing the
entrained particles through an electrostatic powder gun element, such as those used in powder painting.

Examples of patent claims for this improvement to the practiced art could be:

I

7. The method of claim 1, wherein:

the preparation of the mercury sorbent is done at a temperature greater than 60°C.

8. The method of claim 7, wherein:

the preparation of the mercury sorbent is done at a temperature greater than about 150°C.

9. The method of claim I, wherein:

the carbonaceous substrate or mercury sorbent is reduced to a particle size distribution that is

fluidizable in the combustion gas stream.

10. The method of claim 2, wherein:

the carbonaceous substrate or mercury sorbent is reduced to a particle size distribution that is

fluidizable in the combustion gas stream.

11. The method of claim:

D.l. In a process for removing 3, wherein:

the carbonaceous substrate or mercury from a combustion gas comprising:

a. discharging a carbon material from a storage container,

b. injecting sorbent is reduced to a particle size distribution that is fluidizable in the

combustion gas stream.

12. The method of claim 4, wherein:
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the carbon material into the combustion gas,

c. allowing the carbon material to widely disperse within the gas and adsorb mercury there
from, and then

d. separating the carbon material from the combustion gas,

the improvement comprising:

electrostatically charging the carbon material prior to allowing it to widely disperse within

thecarbonaceous substrate or mercury sorbent is reduced to a particle size distribution that is

fluidizable in the combustion gas stream.

13. The method of claim 5, wherein:

the carbonaceous substrate or mercury sorbent is reduced to a particle size distribution that is

fluidizable in the combustion gas stream.

D.2

14. AThe method as in D.l.of claim 6, wherein

the carbon material is negatively charged by passing close to a corona discharge electrode.

D.3:

the carbonaceous substrate or mercury sorbent is reduced to a particle size distribution that is

fluidizable in the combustion gas stream.

15. AThe method as in D.l.of claim 7, wherein

the carbon material is positively charged by rubbing the particles across a tribo-charging surface.

E. Pre-Treating the Sorbent to Decrease AEA Interference

When flyash is substituted for cement in concretes, special air entraining agents (AEAs) are added for a
better final product.  Unfortunately, carbon particles, especially highly adsorbent high-surface-area
carbon materials such as those used as mercury sorbents, can scavenge the AEAs, making the flyash in
which they end up mixed unsuitable for cement use.

This improvement teaches the pretreatment of the carbon sorbent materials to lessen the carbon’s
scavenging of AEAs.  I have found that by pretreating the carbons with fatty acid surfactants, such as
Darex II, their AEA adsorption in concrete mixtures is considerably lessened.  Alternately, oxidizers such
as hydrogen peroxide or ozone can be used to similar effect.  These various agents in solution can be
applied to the carbons by moistening and then drying the materials before injection, or with e.g. ozone,
by exposure in gaseous form.

Examples of patent claims for this improvement to the practiced art could be:

I:
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the carbonaceous substrate or mercury sorbent is reduced to a particle size distribution that is

fluidizable in the combustion gas stream.

16. The method of claim:

E.l. In a process for removing 8, wherein:

the carbonaceous substrate or mercury from a combustion gas comprising:

a. discharging a carbon material from a storage container,

b. injecting the carbon material into the combustion gas,

e. allowing sorbent is reduced to a particle size distribution that is fluidizable in the

combustion gas stream.

17. The method of claim 1, wherein:

the bromine-containing gas comprises elemental bromine,

the carbon material to widely disperse within the gas and adsorbcarbonaceous substrate

comprises activated carbon,

the preparation of the mercury there fromsorbent is done at a temperature greater than

60°C, and then

d. separating

the carbon material fromcarbonaceous substrate or mercury sorbent is reduced to a particle size

distribution fluidizable in the combustion gas,

the improvement stream.

18. A process for manufacturing a mercury sorbent, comprising:

pretreating the carbon material before it is injected into the combustion gas with a surfactant or
an oxidizer.

E.2. A method as in E.l.

providing a carbonaceous substrate;

providing a bromine-containing gas; and

contacting the carbonaceous substrate with the bromine-containing gas for a sufficient

time lo increase the mercury adsorbing ability of the carbonaceous substrate.

19. The process of claim 18, wherein

:
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the surfactantbromine-containing gas comprises fatty acids, such as Darex IIelemental

bromine.

E.3

20. A method as in E.l.The process of claim 18, wherein

:

the oxidizerbromine-containing gas comprises hydrogen peroxide or ozonebromide.

F. Increasing Mass Transfer Surface Area

Much of the mercury capacity of duct-injected sorbents is not utilized because of the short residence time
of the materials within the combustion gas.  Sorbent which impacts and clings to the walls of the duct, or
to turning vanes, however, stays in contact with the gas, and its mercury, and can become fully utilized
before being reentrained in the gas flow.

This improvement teaches the retrofitting of high-surface area structures into the ductwork to
intentionally temporarily catch injected sorbent.  Such structures should be inexpensive, trap a high
fraction of the injected sorbent, create very little pressure drop for the large volumes of gas passing by,
be corrosion and temperature resistant, be lightweight so as not to require costly duct support, and be
self-cleaning or easily-cleaned of the clinging sorbent once it has become more fully utilized.
Advantageously, a cleaning mechanism, such as a sonic horn, can be periodically utilized to clear part of
the structures for collecting fresh sorbent.

Examples of possible structures include a line of short, parallel carbon-fiber flags extending
floor-to-ceiling or a number of parallel fiber nets suspended across the ductwork.  Alternately, such a
structure can be made of groups of parallel wavy plates or fine open honeycomb, like traditional catalyst
supports, but without the catalyst.  See below.

Nets Flags Catalyst Supports Examples of patent claims for this improvement to the practiced art could
be:

I

21. The process of claim 18, wherein:

the carbonaceous substrate is activated carbon.

22. The process of claim 18, wherein:

the contacting step occurs at a temperature greater than 60°C.

23. The process of claim 22, wherein-:

the contacting step occurs at a temperature greater than about 150°C.

24. The process of claim 18, further comprising the step of:

reducing the particle size distribution of the carbonaceous substrate or mercury sorbent to

a distribution fluidizable in the ductwork of a combustion gas stream.

25. The process of claim 24, wherein:
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the bromine-containing gas comprises elemental bromine,

the carbonaceous substrate comprises activated carbon, and

the contacting step occurs at a temperature above 60°C.

26. A mercury sorbent prepared according to the process of claim:

F 25.1. In a process
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ABSTRACT

A method for removing mercury and mercury-containing compounds from a combustion

gas comprising:

a. discharging a carbon material from a storage container,

b. in an exhaust gas system has the steps of providing a mercury sorbent; injecting

the carbon material mercury sorbent ‘into a stream of the mercury-containing combustion gas,

c. allowing the carbon material to widely disperse within the for a sufficient time to

allow at least an effective amount of the mercury and mercury-containing compounds in the

combustion gas andto adsorb onto the mercury there fromsorbent, and then

d. separating the carbon material from the combustion gas,

the improvement comprising:

obstructing the path of the carbon materials by impacting them upon a high-surface-area
structure positioned so as to collect much of the sorbent and have it periodically dislodged
back into the gas stream.

F.2. A method as in F.l., wherein

the structure comprises a line of flags across the ductwork.

F.3. A method as in F.2., wherein

the structure comprises a net or nets across the ductwork.

F.4. A method as in F.2., wherein

the structure comprises a group of parallel wavy plates or open ceramic honeycomb.

collecting and removing the mercury sorbent from the combustion gas stream. The

mercury sorbent is prepared by treating a carbonaceous substrate with an effective amount of a

bromine-containing gas, especially one containing elemental bromine or hydrogen bromide, for a

time sufficient to increase the ability of the carbonaceous substrate to adsorb mercury and

mercury-containing compounds. The points of injecting and collecting and removing the mercury

sorbent may be varied, depending upon the exact configuration of the exhaust gas system.
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