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Abstract

Chlorine and sulfide species are separately introduced to a fluce gas passing through a
scrubber in order to remove the clemental and oxidized mercury from the gas through the

precipitation of mercuric sulfide at near 100% etticiency.
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METHOD FOR CONTROLLING ELEMENTAIL MERCURY
EMISSIONS

Field and Background of the Invention

The present invention 1s drawn generally to a process for
enhancing air quality and restoring the environment through the
removal of elemental mercury from gases released to or present
in the atmosphere, and drawn more specifically to a method for

controlling mercury emissions from flue gases.

In recent years, research has been performed to measure

and control the emissions of Hazardous Air Pollutants (HAPs)

trom coal-fired utility boilers and waste-to-energy plants. The
initial results of several research projects showed that the
emissions of heavy metals and volatile organic carbons (VOCs)

are very low, except for mercury (Hg). Unlike most of the
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other metals, most of the mercury remains in the vapor phasc and docs not condense onto fly
ash particles at temperatures typically used in clectrostatic precipitators and fabric filters.
Therefore, 1t cannot be collected and disposed of along with fly ash like the other metals. To
complicate matters, mercury can exist in its oxidized (Hg'?) form as, for cxample, mercuric
chloride, (HgCl,), or in 1ts elemental (Hgo) form as vaporous metallic mercury. The relative
amount of cach species appears to depend on several factors such as fuel type, boiler
combustion efficiency, the type of particulate collector installed, and various other factors.

The search for industrially acceptable methods for the capture of mercury from
industrial flue gases has included a significant effort to determine how much mercury can be
removed by existing, conventional air pollution control equipment, such as wet or dry
scrubbers.

Accordingly, tests have been performed on several commercial scale and pilot scale
wet scrubbers, which are designed for the capture of sulfur oxides and other acid gases.
These tests have produced some expected and some surprising results. [t was generally
expected that the oxidized mercury would be casily captured and the elemental mercury
would be difficult to capture. These expectations were based on the high solubility of
mercuric chloride in water and the very low solubility of elemental mercury in water. This
expectation was generally fulfilled.

The surprising result concerned elemental mercury. Repeated tests, during which the
concentration of elemental mercury in the flue gas was measured, revealed that more
elemental mercury was leaving the wet scrubber than was entering.

One postulate proposed to explain the cause of the elemental mercury generation 1n

the wet scrubber is described for example, by the following general reactions:

M + Hg™ —» M + Hg’

2M," 4+ Hg+2 - 2M> + Hg’
M. is any number of transition metals, such as Fe, Mn, Co, etc., or other metals, such
as Sn, that may be present in one of several possible oxidation states, x. These or other

chemically reducing species may result in elemental mercury generation.
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Transition metal 1ons arc generally present in wet scrubber slurries as impurities 1n
the industrial applications of concern. Thus, as the mercuric chloride 1s absorbed, a portion
reacts with and becomes reduced by trace levels of transition mctals and metal 1ons and,
because of its low solubility, the clemental mercury 1s stripped from the hiquid and returned
to the fluc gas.

Most of the recent efforts to capture and remove mercury from the flue gas produced
by coal-fired units have concentrated on gas-phase reactions with introduced reagents such as
activated carbon.

Alternatively, U.S. Patent Application Serial Nos. 09/282.817 (“Use of Sulfide-
Containing Gases and Liquors for Removing Mercury from Flue Gases™) and 09/464,806
(“Use of Sulfide-Containing Liquors for Removing Mercury from Flue Gases™), describe a
means in a wet or dry scrubber to rapidly precipitate the oxidized mercury at the gas/hiquid
interface in the scrubber before it can be reduced by the transition metals. One of the most
insoluble forms of mercury is mercuric sulfide (HgS), which in mineral form 1s cinnabar.
Means for supplying a source of sulfide to react with the oxidized mercury include use of
hydrogen sulfide (H,S) and/or aqueous sulfide ions. Thus, at the gas/liquid interface 1n the
scrubber, the following reactions are proposed for the absorption and precipitation of 1onized

(oxidized) mercury (depending upon whether the sulfide i1s derived from hydrogen sulfide

gas, aqueous sulfide ions, or some other sulfide ton source):

S2(aq) + HgCly(g) — HgS(s) + 2 Cl(aq)
and/or

H,S(g) + HgCla(g) — HgS(s) + 2 H'(aq) + 2 Cl'(aq)

HgS has a solubility product of 3x10”* and therefore precipitates essentially
completely. The aqueous sulfide species 1s added to the scrubbing liquor of the scrubber and
comes into contact with the mercury in the flue gas, such that HgS is formed when the
mercury is absorbed into the liquor. Likewise, in the case of hydrogen sulfide gas, there 1s

good reason to expect that the precipitation reaction proceeds faster than the reduction

rcactions. Specifically, in the case of the precipitation reaction, both reactants are well mixed
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in the gas phase. Thus, as they diffuse from the gas to the gas/liquid interface, both reactants
can react instantly at the interface. By contrast, the reduction reactions require that the
reactants, i.c., the Hg'® and the transition metal ion or other chemically reducing species,
diffuse in the liquid phase to a reaction planc in the hquid. Liquid phase diffusion is orders
of magnitude slower than gas phase diffusion.

Therefore, using gas and/or aqueous sulfide species, the oxidized mercury will
rapidly precipitate as cinnabar in the scrubber and thereby prevent the reduction of that
mercury back to vaporous elemental mercury. The precipitation of mercury as cinnabar has a
distinct advantage over other mercury sequestering methods 1n that it converts mercury to a
very 1nsoluble form. In this way, the mercury should be inert and effectively removed from
the food chain.

However, the methods discussed above all have one significant limitation—the
amount of the elemental mercury in the flue gas. Specifically, these methods all require the
mercury to be in its oxidized state (such as HgCl,), but the relative amount of oxidized vs.
elemental mercury species appears to depend on several factors such as fuel type, boiler
combustion efficiency, the type of particulate collector installed, and various other factors.
Consequently, scrubbers treating a flue gas with only half of the mercury in an oxidized form
and half in an elemental form will be limited to a total mercury removal of only about 50%.
A method which permits complete removal of all mercury, both oxidized and elemental,
would be welcome by the industry.

U.S. Patent No. 5,009,871 describes a method 1n which chlorine 1s added to a
scrubbing solution in a proper form to prevent the chemical reduction of absorbed mercuric
chloride and mercury forming complex ions with chlorine. This method is specifically
directed at the capture of gaseous mercuric chloride as found in waste incinerators. The
method excludes the elemental mercury and does not address the fate of the mercury once it
1S 1n solution.

U.S. Patent No. 4,443,417 describes a method and apparatus by which elemental
mercury can be removed from a gas stream using chlorine as an oxidant. However, this
process uses an acidic liquid containing sulfuric acid (H;SOy), hydrochloric acid (HCl) and

hydrogen fluoride (HF) in a concentration of about 1% by weight, thereby requiring the
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handling of potentially dangerous materials. Furthermore, this method 1s not applicable to
alkaline slurries of the type used for sulfur dioxide (SO;) removal from flue gases.

Zhao and Rochelle (“Mercury Absorption 1in Aqueous Hypochlorite,” published in
August 1999) have shown that clemental mercury can be absorbed into aquecous
hypochlorous solutions and that gas phase molccular chlorine (Cl,) assisted in the absorption
of elemental mercury by an aqueous solution. However, this article simply demonstrates the
feasibility of the reaction, and fails to mention any practical application for the reaction.

Europecan Patent W0O9958228 describes the addition of chlorine to flue gas for the
purpose of oxidizing elemental (metallic) mercury vapor (as well as nitrogen oxides (NO,),
SO,, and H;S) to form mercuric chloride, which is then absorbed by the sulfuric acid solution
that results from the conversion of SO, to H,SO4. The mercuric chloride 1s then precipitated
using an alkali metal halogen salt such as potassium 10dide (KI). According to this method,
the chlorine must be injected into the flue gas at a temperature 1n excess of 100°C where the
mercury i1s oxidized in the gas phase and the mercuric chloride is absorbed into an acidic
sulfuric acid solution. [t specifically does not include alkali or alkaline slurries, the addition
of chlorine to the aqueous phase, or the precipitation of the absorbed mercury as mercuric
sulfide, while at the same time including the oxidation of H,S, which 1s viewed as a
detrimental and unwanted reaction because sulfide species (H,S and/or aqueous sulfide
species) are needed to assist in the sequestration of mercury.

[n light of the foregoing, a method which permits selective or complete control of the
removal of all mercury species from flue gases and/or which does not require high
temperature injection schemes would be welcome by the industry. Likewise, a method

which does not require the handling of dangerous materials and/or which selectively oxidizes

elemental mercury 1s needed.

Summary of the Invention

The present invention provides a method for controlling or almost completely
climinating both oxidized and elemental mercury emissions 1n flue gases. Specitically,

molecular chlorine and/or an aqueous specics of chlorine (e.g., hypochlorous acid salts) are
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addced to the flue gas entering the wet scrubbing zone so 1t can be performed cither externally
or internally to the scrubbing vessel. The addition of chlorine specics oxidizes the elemental

torm of mercury, according to the following rcactions:

2 H (aq) + 2 OCI (aq) + Hg” — Hg+2 (aq) + Cly(g) + 20H (aq)
and/or
2 H' (aq) + 2 Cl'(aq) + Hg® — HgCl(aq) + Hi(g)

and/or

Clo(g) + Hg" — HgCly(aq)

As a result of this pre-treatment, subsequent treatment of the pre-chlorinated flue gas to
remove oxidized mercury, via any known means, will allow removal of mercury present in
the gas at an efficiency approaching 100%. Alternatively, the pre-treatment step may be
adjusted to permit the removal of mercury at a specified efficiency.

The invention comprises providing a flue gas having a quantity of elemental mercury,
treating the flue gas with at least one of chlorine and an aqueous chlorine species to convert
the elemental mercury to oxidized mercury, and subsequently removing the oxidized
mercury. Preferably, the aqueous chlorine species 1s a hypochlorous acid salt, such as
hypochlorite. The removing the oxidized mercury step may include treating the flue gas with
at least one of hydrogen sulfide gas and/or an aqueous sulfide species. Notably, the addition
of chlorine and sulfide species must be performed separately to avoid any unwanted reactions
between the two prior to the precipitation of oxidized mercury (subsequent to the
precipitation of mercuric sulfide, reactions between the chlorine and sulfide species are
immaterial).

Thus, an object of this invention 1s to provide a method to selectively or completely
remove mercury from a flue gas.

Another object of the invention 1s to describe a specific, sequential method for
completely removing mercury not previously known or contemplated by those skilled in the

art.
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A further object of this invention is to provide a mcthod of mercury control which
does not require the handling of hazardous chemicals or the necessity of injecting chlorine
gas at excessively hot temperatures.

Still another object of the invention is to provide a method of removing clemental
mercury from flue gas interchangeably using the same wet scrubbing devices that are used by
the electric utility industry to remove other pollutants, including but not limited to equipment
used to remove sulfur dioxide from flue gas. This interchangeability would allow the present
invention to be more easily incorporated into currently-existing fluc gas treatment equipment.

Yet another object of this invention 1s to minimize the oxidation of gas species other
than vaporous elemental mercury. Such gas species include: SO,;, NO,, and/or H-S.
Oxidation of these gases can respectively lead to: formation of corrosive sulfuric acid mist,
unwanted brown plumes in the flue gas effluent from the stack, and reduction of the sulfide
species required to subsequently sequester mercury (via precipitation as mercuric sulfide)
downstream from the oxidation point.

The various features of novelty which characterize the invention are pointed out with
particularity in the claims annexed to and forming part of this disclosure. For a better
understanding of the present invention, and the operating advantages attained by its use,
reference 1S made to the accompanying drawings and descriptive matter, forming a part of

this disclosure, in which a preferred embodiment of the invention is illustrated.

Brief Description of the Drawings

In the accompanying drawings, forming a part of this specification, and in which
reference numerals shown in the drawings designate like or corresponding parts throughout
the same:

FIG. | 1s a schematic representation of one embodiment of the present invention.

FIG. 2 1s a schematic representation of another embodiment of the present invention.

FIG. 3 1s a schematic representation of a third embodiment of the present invention.

FIG. 4 1s a schematic representation of a fourth embodiment of the present inventon.
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FIG. 5 1is a schematic representation of a fifth embodiment of
the present invention, and 1includes an exploded 1nset view of
the preferred interspacial header contemplated by the present
invention.

Description of the Preferred Embodiments

As disclosed in related patent applications, namely 1n
Canadian patent applications Nos. 2,466,186 and 2,302,655, the
addition of sulfide specles sequesters the oxidized mercury
species absorbed 1nto the scrubber liquor. Data shows that gas-
phase elemental mercury passes through the wet scrubber, since
elemental mercury has an extremely low solubility in aqueous
solutions.

However, the total mercury removal efficiency of a wet
scrubber 1s limlited according to the speciation of the oxidized
phase mercury 1n the flue gas when using these related
inventions. Thus, scrubbers treating flue gas with only half of
the mercury 1n an oxidized form and half i1n an elemental form
will be limited to total mercury removal of about 508%.
Converting the elemental mercury to a soluble oxidized form

according to the present invention will permit removal

efficiency of mercury that is not limited by the low solubility

of elemental mercury vapor. The combination of chlorine and
sulfide addition to the flue gas/scrubber slurry provides for
the capture of the elemental gas-phase mercury that would

ordinarily pass through the scrubber.
The present invention should also be able to remove

mercury while st1ll effectively controlling —costs related

to flue gas treatment. To 1llustrate this point, the
following example 1s offered: an 800 MWe power plant serves
the needs of about one million people in the United States.
A power plant of this size will burn about 300 metric tons
of coal per hour. This power plant will produce about
3,000,000 Nm’ per hour of flue gas. This flue gas will
contain mercury to the extent of about 5 to 30 micrograms
per Nm". Taking a nominal value of 20 ug/Nm’, this 800 MWe

power plant will emit about 60 grams per hour of uncontrolled
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mercury. This 1s equivalent to about 0.3 ¢ moles per hour. It takes one mole of sodium
hydrosulfide (NaHS) react with one mole of oxidized mercury according to the following

rcaction:
Hg'* + HS 2 HgS(s) + H°

[t half of the total mercury in this example 1s oxidized mercury, then the
stoichiometric equivalence will require (0.5)(0.3) = 0.15 g moles per hour of NaHS. If the
NaHS 1s delivered to the wet scrubber as a 2 molar solution, then the minimum requirement
will be 0.15/2 = 0.075 hiters per hour or 75 ml per hour. That’s about S tablespoons per hour
for an 800 MWe power plant. As a practical matter, a much higher reagent flow rate of
NaHS 1s required for effective mercury control. It has been determined by pilot plant tests
that a stoichiometric ratio of NaHS to Hg"* of about 100 is required to effective control of
mercury. The higher quantity of NaHS 1s required to insure adequate mixing of reactants and
to speed the kinetics of the reaction. The above reaction is first order in both Hg™* and HS’

such that the reaction rate can be expressed by:
r = k[Hg™][HS]

Thus, the reaction rate 1s about 100 times faster at a stoichiometry of 100 than it
would be at mimimum stoichiometry. At the higher stoichiometry the reagent flow
requirement in this example will be 7.5 liters. This rate 1s negligible from a cost standpoint.
NaHS 1s valued at about $0.25 per pound. The reagent cost for a 800 MWe power plant
amounts to about $0.45 per hour or about $0.00000057 per kilowatt hour.

The quantity of chlorine require to oxidize elemental mercury is comparable to the

sulfide requirement. The stoichiometric reaction is represented by:

Hg + HOCI + H* > Hg” + CI' + H)0
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Thus, one mole of hypochorous acid reacts with one mole of
elemental mercury. Or if chlorine 1is used directly, one mole of
chlorine reacts with one mole of elemental mercury. The cost of
chlorine is about $300 per ton. At a stoichiometric ratio of
100, the chlorine reagent costs in this example are about $0.35
per hour or $0.00000044 per kilowatt-hour.

Referring now to the figures, where 1like numerals
represent similar elements, Figure 1 1s a schematic
representation of one embodiment of the present 1nvention. This
embodiment consists of a means for injecting gaseous H»S 1 1into
the flue 2 1immedilately upstream of wet scrubber 12. The flue
gases at this point are dry and in the temperature range of
125°C to 200°C. The reactivity of dry H;S in the temperature
range 1s relatively low. The H;S laden flue gas enters the
scrubber at 9 at an elevation above the liquid level maintalned
in the sump 3. The flue gases turn upward through a bank of
spray nozzles 4 that spray primarily alkali and/or alkaline
earth reagents 1n a water slurry. This slurry reacts primarily
with the sulfur oxides present 1n the flue gas to desulfurize
that gas before it 1s discharged to the atmosphere at 10. 1In
some embodiments, a sileve tray 8 1s used to facilitate the
desulfurization. In this 1nstance a small quantity of an oxi-
acid of chlorine from tank 7 is pumped through pump 6 to the
suction side 11 of the recirculation pump 5. These oxi-acids of
chlorine can include, but are not exclusively limited to, HC1O,
HC10,, HCl03 and/or HCl1l0O4 or their salts.

The H;S and oxidized mercury react at or near the gas-
liquid interface in the gas-liquid contact zone to precipitate
mercuric sulfide. Simultaneously, as the pH of the slurry in
the gas-liquid contact =zone falls, the chlorine compounds in
solution decompose to Cl;, Cl1;0, and 0O,. These sparingly soluble
gases are stripped from the aqueous phase to the flue gas where

they react with and oxidize the elemental mercury in the flue

gas. This oxidized mercury then absorbs and reacts with the
dissolved sulfide at the gas-liquid interface and precipitates
as mercuric sulfide.

There are several methods by which the sulfide species and
the chlorine may be added to the scrubber system to oxidize
elemental mercury to a soluble species and precipitate the
absorbed mercury as mercuric sulfide. In the process of adding
these species, 1t 1s important that they are added separately

so that the chlorine does not react with and remove the sulfide
donating species before the reaction with mercury can occur.
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Chlorine can be added to the {luc gas as a gas, Cl,, or as an aqueous solution of oxi-
acids of chlorine, including but not limited to Cl,0, CIO,, ClO4, CIO, HCIO, HCIO,, HCIO;,
and/or HCIOy4 or their salts. The elemental mercury in the flue gas is oxidized by free
chlorine, forming mercuric chloride, which is readily absorbed into the scrubber liquor.
Sulfide specties added to the scrubber liquor just upstream of the liquor injection nozzles
rcacts with the absorbed mercuric chloride at the gas-liquid interface, forming a mercuric
sulfide precipitate.

Figure 2 1s a representation of another means by which the oxidation of elemental
mercury and the precipitation of mercuric sulfide can be accomplished simultaneously. Here
chlorine gas 16, or one of its gascous oxides (such as CIO,), is injected into flue 2 in the
temperature range of 125°C to 200°C to mix with the flue gas upstream of the wet scrubber
12. Dry chlorine gas 1s relatively nert. But wet chlorine gas is a very strong oxidizer. Thus,
the volume of flue upstream of the wet scrubber 12 acts primarily as a mixing point of the
chlorine with the flue gas. Upon entering the moist environment of the wet scrubber, the
chlorine reactivity increases rapidly at which point 1t oxidizes the elemental mercury.
Concurrently, an aqueous solution of a sulfide species, including but not limited to sodium
sultide, sodium hydrosulfide, potassium sulfide, and/or potassium hydrosulfide or mixtures
thereof, 1s pumped from tank 15 to the suction of pump § at point 13 via pump 14.

Figure 3 represents the scheme where both the chlorine and the H,S are injected as
gases. Normally, injecting these two gases 1n close proximity to one another would be
counter-productive because the chlorine would tend to oxidize the H,S. However, in this
scheme, chlorine gas 16 1s injected 1n the flue 2 upstream of the scrubber 12 to provide time
for mixing. Upon entering the scrubber at 9 the chlorine reactivity in the presence of water
provides the i1mpetus to begin the prefercntial oxidation of the elemental mercury.
Downstream, gaseous H,S 17 1s injected directly into the gas liquid contact zone 18 of the
wet scrubber where 1t rapidly absorbs into the alkaline slurry along with the SO>. An H,S
distribution array (not shown) distributes the H,S uniformly over the cross-section of the wet
scrubber.

Figure 4 1llustrates a means for injecting both reactants in the liquid phase. Most wet

scrubbers designed for f{lue gas desulfurization have muluple spray headers and multiple
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recirculation pumps. Typically, a separate recirculation pump
1s used for each spray level, thereby providing the means to
inject each reactant, chlorine and H;S in a manner that
maximizes thelr exposure to mercury without prematurely
reacting with one another. In this scheme, an aqueous oxi-acid
of chlorine or a corresponding salt is pumped from tank 23
Chrough pump 26 to the suction side 24 of recirculation pump
27. From there 1t 1s pumped along with the recirculation slurry
Lo spray header 20 which delivers the chlorine containing
slurry to the gas-liquid contact =zone 18. Concurrently, an
aqueous alkali sulfide or hydrosulfide solution is pumped from
tank 21 through pump 25 to the suction side 22 of recirculation
pump 28. From there, the sulfide containing slurry is delivered
to spray header 19, where it 1is sprayed into the gas-liquid
contact zone 18.

This particular embodiment has numerous advantages over
prior art methods that required injection of a reactant into
hot flue gas. In particular, when injecting reactants into flue
gas via prior art methods, uniform distribution of the gas or
liquid in the flue gas was required in order to achieve a
uniform concentration of the reactant, so that the amount of

reactant needed to achieve the desired result is minimized. In
contrast, using the present invention, no additional dispersing
equipment 1is needed because the existing capability of the
spray nozzles to inject aqueous chlorine and/or sulfide species
into the scrubbing liquor upstream of the spray nozzles permits
use of the existing capability of the spray nozzles without
further consideration of uniform distribution (assuming, of
course, that the existing spray nozzles have already Dbeen
aligned for such uniform distribution). However, it 1is
important to remember that, as with the first embodiment, the
chlorine and sulfide donating species must be separate before
injection into the flue gas to minimize unwanted oxidation-
reduction reactions.

Figure 5 i1llustrates a variation on the scheme depicted in
Figure 4. A spray header 25 arrangement referred to as the
interspacial header was developed and patented under U.S.Patent
°,173,093. Notably, use of this patented header is particularly
well-suited to the present invention. The interspacial header
29 1s supplied by two separate pumps 27, 28. Although the H,S
that evolves from the sulfide containing slurry stream 31 and
although the chlorine that evolves from the oxi-acids of
chlorine stream 30 will be in close proximity in the gas-
liquid zone 18, the stoichiometric excess of reactants
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will be orders of magnitude larger over the mercury species concentrations. Therelore, even
if significant quantitics of chlorine and H,S were to react with on¢ another prematurcly,
sufficient reactants remain to react with the mercury species.

While specific embodiments and/or details of the mvention have been shown and
described above to illustrate the application of the principles of the invention, 1t 1s understood
that this invention may be embodied as more fully described in the claims, or as otherwise
known by those skilled in the art (including any and all equivalents), without departing from

such principles.
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CLAIMS:

1. A method for controlling mercury emissions 1n an 1industrial
process having a flue gas containing 1insoluble elemental
mercury at a concentration between 5-30 ug/Nm’, the method

comprlsing:

a) providing the flue gas to a wet scrubber having an agueous

alkall scrubbing liquor;

b) mixing the flue gas with an oxidizing reagent containing
chlorine 1n an amount that is at least double a stoichiometric
ratio normally required to oxidize all of the insoluble

elemental mercury present in the flue gas;

c) mixing the flue gas with a sulfide species, said sulfide
species provided 1in an amount sufficient to convert the soluble

mercury species 1nto insoluble mercuric sulfide;

d) wherein step (b) and step (c) occur separately using an
interspatial header, so as to avoid unwanted reactions directly

between the chlorine and the sulfide species;

e) creating a gas-liquid interface within the wet scrubber in
order to: (1) entrain the insoluble mercuric sulfide generated

by step (b) and step (c¢) within the scrubbing liquor and (ii)
remove all mercury species from the flue gas; and

f) evacuating the mercury-free flue gas from the wet scrubber.

2. A method according to claim 1, wherein the oxidizing reagent
1s an oxi-acid selected from the group consisting of: C1,0,

Clo,, Cl04, ClO, HC1lO, HC1lO,, HC1l03, and HC1lO0,.

3. A method according to claim 1, wherein the sulfide species
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is selected from the group consisting of: hydrogen sulfide,

aqueous hydrosulfide ions and aqueous sulfide 1ons.

RIDOUT & MAYBEE LLP
Toronto, Canada

Patent Agents
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chlorine,
oxides of chlorine
and/or
the oxi-acids
of chlorine
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hydrogen sulfide

Figure 3
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aqueous alkali
sulfide solution
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aqueous alkali
sulfide solution
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