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EMISSIONS OF AIRBORNE TOXICS
FROM COAL-FIRED BOILERS: MERCURY

by

H.S.Huang, C.D.Livengood,and S.Zaromb

ABSTRACT

Concernsoveremissionsofhazardousairpollutants(airtoxics)have
emerged as a major environmentalissue,and the authorityof the

U.S.EnvironmentalProtectionAgency to regulatesuch pollutantswas
greatlyexpandedthroughtheCleanAirActAmendments of1990.Mercury

has been singledout forparticularattentionbecauseofconcernsover

possibleeffectsof emissionson human health.This reportevaluates
availablepublishedinformationon themercurycontentofcoalsmined in
the UnitedStates,on mercury emittedin coalcombustion,and on the

efficacyof variousenvironmentalcontroltechnologiesfor controlling

airborneemissions.Anthraciteand bituminouscoalshave the highest
mean-mercuryconcentrations,withsubbituminouscoalshavingthelowest.

However, allcoaltypes show very significantvariationsin mercury
concentrations.Mercury emissionsfrom coalcombustionare not weil-

characterized,particularlywithregardtodeterminationofspecificmercury

compounds. Variationsin emissionratesof more than an order of
magnitude have been repol ted f_:_rsome boiler types. Data on the capture
of mercury by environmental control technologies are available primarily for
systems with electrostatic precipitators, where removals' of approximately
20% to over 50% have been reported. Reported removals for wet flue-gas-
desulfurization systems range between 35 and 95%, while spray-
dryer/fabric-filter systems have given removals of 75 to 99% on municipal
incinerators. In all cases, better data are needed before any definitive
judgments can be made. This report briefly reviews several areas of
research that may lead to improvements in mercury control for existing flue-
gas-cleanup technologies and summarizes the status of techniques for
measuring mercury emissions from combustion sources.

1 INTRODUCTION

Publicconcernoverexposuretohazardousairpollutants(airtoxics)hasemergedas
one ofthemajorenvironmentalissuessincethe1980s.I'6Under Section112oftheClean

AirActAmendments, theU. S.EnvironmentalProtectionAgency(EPA)has beenrequired
topromulgateemissionstandardsforthoseairpollutantsthatarenot regulatedunder

i lillir '



National Ambient Air Quality Standards. To date, EPA has prescribed actual emission
standards for only seven substances (arsenic, asbestos, benzene, beryllium, mercury,
radionuclides, vinyl chloride) and one source (coke oven emissions). Additionally, EPA
previously determined that the low risks associated with radionuclide emissions from fossil

fuel power plants did not justify regulation under Section 112. However, EPA may have to
reconsider this decision under the so-called "residual risk" provisions of Section 112(.0 in the
latest amendments to the Clean Air Act.

The Clean Air Act Amendments of 1990 greatly expanded EPA's rulemaking
authority over hazardous air pollutants. The law lists 189 chemical compounds that would
be subjected to control. For stationary sources that emit 10 ton/yr or more of any one of the
listed pollutants, or 25 ton/yr or more of any combined emissions, the maximum available
control technology (MACT) must be applied. By definition, the MACT is at least as stringent
as the best available control technology (BACT) for similar sources. In addition, the new
amendments represent a major shift in approach from regulation of hazardous air pollutants
using health-based, substance-specific standards to regulation under technology-based
standards applicable to categorie_ of emission sources rather than to the substances

themselves. The new amendments also state that the cost and feasibility of control, energy
impacts, and environmental factors will be taken into consideration in the application of the
MACT.

Under the new amendments, the EPA is directed to conduct a three-year study of
the public health hazards from exposure to toxic emissions from utilities and to report the
results to the Congress. EPA can regulate such emissions only if the limitations are
determined to be appropriate on the basis of this study. Two additional studies that
specifically address mercury emissions are also required. In the first, EPA is directed to
conduct a four-year study of mercury emissions from electric utility steam-generation plants,
municipal-waste incineration plants, and other sources. Included in this study are
evaluations of the rate and mass of such emissions, their health and environmental effects,
and the available control technologies and their costs. The second study directs the National
Institute of Environmen_al Health Sciences to study the threshold level of mercury exposure
that would affect human health. However, EPA is directed not to regulate these emissions
until the studies are completed, and in no event are regulations to be established sooner than
three years or later than five years after the legislation has been enacted.

This report summarizes the information available on mercury emissions from coal-
fired boilers. Also included in this report is an overview of the sampling and analytical
techniques that have been employed for determination of mercury emissions in the stack.



2 CONCENTRATION OF MERCURY IN U.S. COALS

Information awailable before 1972 on trace elements in coal is compiled in a report
by Magee et al., 7 which contains extensive earlier results published by researchers at the
U.S. Geological Survey (USGS) and the U.S. Bureau of Mines (USBM). However, as pointed
out by Ruch and his coworkers at the Illinois State Geological Survey (ISGS), there is a
serious shortcoming in these earlier studies:

Trace element investigations in coal prior to 1970 were based on
analyses of high-temperature ash, which measure the oxides of the
elements in the altered mineral matter. Although such investigations are
valuable for estimating concentrations of refractive constituents, or
elements of low volatility, they do not reliably measure total amounts of
volatile elements in whole coal .... 8

The most thorough effort to determine the trace-element content of U.S. coals
undoubtedly has been the coal geochemistry program of the U.S. Geological Survey. In
collaboration with the Bureau of Mines, the USGS has analyzed a great number of samples
from hundreds of coal beds in the United States. The results have been entered into the U.S.

National Coal Resources Data Systems. These results, which have been evaluated and
reported, 7"15are summarized below.

The mean concentrations of mercury in U.S. coal by coal type are given in Table 1.
Bituminous and anthracite coals have the highest mean mercury concentrations, 0.21 ppm
and 0.23 ppm, respectively. These numbers may be considered as typical values for U.S.
coals, because the data from U.S. National Coal Resources Data Systems were used in the
statistical data reduction. Also shown in the table is that the stmldard deviation either

exceeds or approaches the mean, indicating strong variations in the data. Subbituminous
coals have the greatest range of reported mercury concentrations (Table 2).

The concentrations of mercury in U.S. coal also vary according to the geographic
region in which the coal is mined. Coals from the Appalachian and Gulf states have the
highest mean concentrations, whereas coals from the Alaska region have the lowest (Table 3).
However, coals from the Alaska region also have the greatest range of mercury
concentrations, from 0.02 ppm to as high as 63 ppm.

Mercury is consistently found in the inorganic portion of the coal structure. 7"12
Kuhn and coworkers at the ISGS 11reported that sulfides are the principal inorganic minerals
commonly associated with mercury in coal. These observations point to the possibility of
significantly reducing the mercury level in coal through physical coal-preparation processes.



TABLE 1 Concentrations of Mercury in Coal

Concentration (ppm)

Number Standard
CoalType ofSamplesa Mean s Deviation_

Lignite 183 0.15 0.14
Subbituminous 640 0.10 0.11
Bituminous 3527 0.21 0.42
Anthracite 52 0.23 0.27

a Data fromRef.10.

TABLE 2 Ranges of Mercury Con-
centrations in Coal

CoalType Rangea

Lignite 0.03- 1.0
Subbituminous 0.01-8.0
Bituminous <0.01-3.3
Anthracite 0.16 - 0.3

a Data from Ref. 9.

TABLE 3 Concentrations of Mercury in Coal by
U.S. Region

MercuryConcentration(ppm)

Arithmetic Standard

Region Range Mean Deviation

Appalachian <0.01-3.3 0.24 0.47
Interior 0.01-1.5 0.14 0.14
Illinois Basin 0.03-1.91 0.21 0.22
Gulf Province 0.03-1.0 0.24 0.19
Northern Plains 0.01-3.8 0.11 0.10
Rocky Mountains 0.01-8.0 0.09 0.12
Alaska 0.02-63 0.08 0.07

Source: Ref. 9.



3 MERCURY EMISSIONS FROM COAL-COMBUSTION SYSTEMS

During combustion, trace elements in the coal entering the furnace are released and
partitioned between the bottom ash and the flue gas, which contains suspended fly-ash
particles and the vapors of such volatile elements as mercury, arsenic, and boron. As the flue
gas cools to 370-430°C in the convective heat-transfer section and further (to about 150°C)
in the air preheater, a portion of the less volatile elements condenses on the surface of the
fly-ash particles. Because of this vaporization and condensation, an inverse dependence of
the concentration of many volatile elements on the size of the fly-ash particles has been
observed. 16-19

Modern coal-fired boilers are equipped with particulate-control and flue-gas-
desulfurization devices in response to environmental concerns. As the fly-ash-laden flue gas
enters these devices, trace elements are further partitioned, and further condensation of the
volatile elements can occur in these gas-treatment systems. Elements on large fly-ash
particles are retained by the particulate-collection devices, whereas elements on small
particles or in vapor form that escape the control devices are discharged into the atmosphere.
Therefore, the distribution of trace elements is influenced by the type of boiler, the operating
conditions, and the flue-ga_-cleaning system, as well as by the concentration of the elements
in the coal.

Three classifications of the elements according to their partitioning and enrichment
in a pulverized-coal-fired power p_ant have been proposed and used to characterize their
emissions. 9'18 Class I elements are of low volatility even at high temperatures (1200-1600°C)
and have no tendency to concentrate in or on fly-ash particles. Class II elements are
vaporized but then recondensed, tending to concentrate in or on fly-ash particles, and these
elements are depleted in the bottom ash and slag. Class III elements are those remaining
mostly in the vapor phase, and they may be emitted from the stack even though the
combustion system is equipped with a conventional flue-gas-cleaning device. Among the
Class III elements are mercury, boron, chlorine or hydrogen chloride, and fluorine tr
hydrogen fluoride. To accommodate the observation that some elements behave as either
Class I or Class II in different investigations, an additional intermediate classification
(Class I/II) has been proposed.

A study conducted by Coutant et al. of the Battelle-Columbus Laboratories on four coal
samples in a pilot-scale combustor indicated that mercury is transmitted through the
combustion system with little retention in the slag or higher-temperature ash deposits. 19
Appreciable retention of mercury was noticed in the precipitator samples of all but one coal,
and the remainder of the mercury was associated with the fly-ash and gaseous samples taken
in the stack. A very small (but consistent) occurrence of mercury in the slag was also
identified during the tests and was attributed to physical trapping of mercury in the glass
deposits during the slag-solidification stage.



3.1 CONVENTIONAL COAL-FIRED COMBUSTORS

In terms of conventional coal-fired boilers, the utility sector in the United States is
dominated by pulverized-coal (PC) dry-bottom units. Wet-bottom and cyclone boilers are no

longer sold due to the difficulty in meeting nitrogen oxides (NO x) emission standards, and
stoker boilers account for a small percentage of the total. In the industrial sector, stoker
(mainly spreader-type) and small PC dry-bottom units account for most of the coal-fired
plants. This is similar to the case for larger boilers in the commercial/institutional sector,
but in this sector oil- and natural-gas-fueled boilers dominate ".he total mix of units.

Emission factors for trace elements, including mercury, for coal- avd oil-combustion
sources in the utility, industrial, commercial/institutional, and residential sectors have been
evaluated and summarized in an EPA report prepared by Badian Corporation. 9 The utility
and industrial sectors are the best-characterized combustion sources, while relatively few
data are available for the commercial/institutional and residential sectors. In this subsection,
we present information from the Radian report and other reports on mercury emissions from
coal-_red utility and industrial boilers. Note that "since insufficient data are available to
develop statistical estimates of the accuracy of these emission factors, no estimate can be
made of the error that could result when these factors are used to calculate emissions from

any given facility. ''9 For mercury emissions, an additional uncertainty is that the literature
is not always clear on whether the measured values were total mercury, vapor-phase
mercury, or mercury condensed on particulate matter.

Furthermore, a major deficiency in prior field experiments measuring mercury in
the flue gas from coal-combusti0n systems is that very few determinations were made of the
types of mercury compounds present. Since some mercury compounds, notably dimethyl and
monomethyl mercury compounds, are much more toxic than others, the lack of information
on the concentrations of individual mercury compounds in the flue gas make a credible risk
assessment impossible. Additionally, the sampling and analytical methods used in previous
investigations may have been unreliable. (Sampling and analytical techniques are discussed
in the appendix to this report.)

Information on measured mercury emissions from coal-fired utility and industrial
boilers is summarized in Table 4 for bituminous, subbituminous, and lignite coals. Since
mercury is one of the most volatile elements present in coal, esse_tially 100% of it is
volatilized in conventional combustors. The form of mercury presen_ in the flue gas after
combustion depends on temperature and on fly-ash characteristics. The literature indicates

that the greater portion of the mercury is emitted in the vapor phase; however, the proportion
of mercury measured in fine particulete matter vs. the vapor phase varies greatly between
tests. Often the mass balances do not close well, and there exist significant differences in
measured mercury emissions between tests. Information on the distribution of mercury
between the vapor and particulate phases can be used to determine whether particulate-
control devices will be effective for mercury control.



TABLE 4 Ranges of Mercury Emissions from Coal-Fired Boilers (lb/1012 Btu)

Coal

BoilerType Bituminous Subbituminous Lignite

Utility
Pulverized-coaldry-bottom
Uncontrolled 3.9-308 ..a ..
With multiclone .... 4.4-6.5
With ESP b 0.4-22 4.1 <0.23
Pulverized-coalwet-bottom
Uncontrol_led ......
With ESP 2.6-6.3 ....

Cyclonefurnace
Uncontrolled 10 81 --
With scrubber -- 4.9 --
With ESP 4.0- 18 -- 0.46

With cyclone .... 22
Spreader-stoker
Uncontrolled ......
With multiclone .... 5.6
With ESP .... 0.53

Industrial
Pulverized-coaldry-bottom
Uncontrolled ......
With ESP 4.2 - 4.4 ....

Spreader-stoker
Uncontrolled 0.8- 12 0.6- 17 --
With multiclone 5.8 - 25 ....
With ESP 1.0- 4.2 ....

With cyclone/ESP -- 0.4 - 0.6 --
Overfeed stoker

Uncontrolled 0.01 - 2.1 ....
Dust collector 0.4 - 1.2 ....

a Dash indicates data not available.

b Electrostatic precipitator.

Source: Ref. 9.



The data in Table 4 show considerable variation in mercury emissions from large
coal-fired boilers. No significant differences in mercury emissions exist between different
boiler types or different combustion sectors. However, the available test data indicate that
for combustion systems equipped with flue-gas-cleaning devices, significant reductions of
mercury emissions were realized. (The effect of flue-gas-cleaning devices on reduction of
mercury emissions is discussed in Section 4.)

The effect of combustion modifications for controlling NO x on the emissions of trace
elements from large coal-fired boilers has also been studied. 2°24 --In tests of a tangentially
fired utility boiler equipped with an electrostatic precipitator (ESP) for particulate control,

the mercury emissions under low-NOz combustion conditions were about 100% greater than
the baseline mercury emissions level. TM It was pointed out, however, that this large variation
was still within the potential uncertainty normally associated with the level-1 environmental
assessment (EA) protocol employed in the tests. The level-1 EA protocol is described in
Ref. 2.

3.2 FLUIDIZED-BED COMBUSTORS

Fluidized-bed combustors have received increased attention during the past decade,
and they are expected to be more commonly used in the future. This type of combustor
operates at a temperature (800-900°C) at which the ash does not fuse, and carbon utilization
is somewhat lower than with a PC boiler. As a result, the distribution of trace elements in
the streams of ash products could be different than that observed from conventional coal
combustors.

To date, only a limited number of tests has been conducted on trace-element
emissions from small fluidized-bed combustors, mostly with non-U.S, coals, is When
compared with emissions from a small stoker-fired combustor (3.8 MWt) burning the same
coal, vapor-phase mercury emissions from a small atmospheric fluidized-bed combustor
(3.5 Mwt) were found to be significantly lower (0.3-0.6 vs. 2.5-5.1 _g/m3). However,
additional comparable data from large-scale units are needed to substantiate this preliminary
observation and to quantify the distribution of mercury in the various process outlet streams.



4 INFLUENCE OF FLUE-GAS.CLEANING DEVICES
ON MERCURY EMISSIONS

There are no reports of any measures taken at coal-fired boilers specifically to
control mercury emissions, even though some processes have been suggested for the control
of mercury emissions from municipal- and hazardous-waste incinerators. However, such
particulate-collection devices as ESPs and fabric filters have been widely used for capturing
fly-ash particles from coal-fired plants, and scrubbing systems have been used for controlling
sulfur dioxide (SO 2) emissions from large boilers burning high- or medium-sulfur coals.
These devices are known to achieve a substantial reduction of low-volatility trace elements
that are mostly associated with the fly-ash particles. Because a portion of the mercury
present in the flue gas may be in the condensed phase, the effectiveness of these devices in
reducing mercury emissions from large coal-fired boilers is discussed here.

4.1 PARTICULATE-COLLECTION DEVICES

Particulate-matter controls for coal-fired boilers are extensively discussed in an
Argonne report 24and in the proceedings of the Particulate Control Symposiums cosponsored
by EPA and the Electric Power Research Institute (EPRI). 25 There are basically four types
of devices: ESPs, fabric filters (or baghouses), wet scrubbers, and mechanical collectors (e.g.,
cyclones). Properly designed ESPs can achieve overall removal efficiencies of 99.5% or
greater, but the efficiency varies with particle size. The collection efficiency is considerably
lower for respirable particles (smaller than 10 Bm) and can be lower than 90% for particles
in the size range of 0.1-1 tlm.

Fabric filters are inherently high-efficiency particulate-matter collectors, even with
variable inlet particulate loading in the flue gas. Typical removal efficiencies are usually
greater than 99.5%, and overall removal efficiencies of 99.7-99.8% have been reported. For
particles in the size range of 0.1-1 tlm, the efficiency can be 97-99%.

Of the various types of wet scrubbers, the venturi and moving-bed scrubbers are
high-efficiency devices widely used in coal-fired power plmlts. The efficiency of the venturi
scrubbers depends on the pressure drop achieved, about 99% for 2- and 1-_m particles at
5.5 kPa (22 in. of water) and 15 Kpa (60 in. of water), respectively. The moving-bed wet
scrubbers also can achieve a removal efficiency of 99% for particles greater than 2 tlm. For
smaller particles (0.1-1 lain), the collection efficiency of wet scrubbers drops rapidly to less
than 50%.

Cyclones are the most widely used mechanical collectors, but they have a low overall
efficiency: for large particles, less than 90% for one cyclone and less than 95% for two
cyclones in series. For small respirable particles (less than 5 lam), the efficiency can be as
low as 60%. Hence, this type of particulate-matter control is often used (1) as a means of
reducing the overall particulate loading into a more efficient collector or (2) as the only
collector in less-turbulent combustors, such as chain-grate stokers. Limited information on
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the removal of trace elements by these devices indicates that the removal efficiency for
mercury is nil.

The number of paired data points (inlet and outlet) for mercury emissions from coal-
fired boilers with any given control device in the United States is limited or nonexistent.
Calculated removal efficiencies from the data reported in Refs. 26-47 are aggregated into
utility and industrial boiler groups for each control device and are summarized in Table 5.
Most of the available data are from boilers equipped with cold ESPs. Also included in the
table sre results from the EPRI's PISCES (power-plant integrated systems: chemical
emissions study) database for power-plant emissions. 4s In some of the studies, deficits in the
mass balance for mercury were encountered; therefore, the values given in Table 5 can only
be considered tentative.

With cold ESPs, the calculated efficiencies are 22-91% for utility boilers and 40-91%
for spreader stokers equipped with a mechanical collector and an ESP in series. In
comparison, the PISCES database indicates mercury removal efficiencies of 20-90% for a cold
ESP. These numbers, however, are much higher than the 10-50% presented in an
International Energy Agency (IEA) report by Smith. is Given that ESPs are not known to be
efficient in capturing vapors and that a significant portion of the mercury in flue gas is in
the vapor form or condensed on fine fly-ash particles, the high-end numbers probably resulted
from deficiencies in the sampling and analytical techniques employed. Additional recent
unpublished results (frGm one Japanese coal-fired power plant and one 450-MW power plant
in Florida) cited in Ref. 48 also indicate a mercury retention efficiency by the ESP of 33-40%.
In addition, tests from boile_ eq,aipped with hot ESPs indicated essentially no mercury
removal.31, 48

No information has been obtained from the open literature on the mercury emissions
from U.S. coal-fired boilers equipped with fabric filters for particulate control, and only two
data points have been found for units equipped with high-efficiency scrubbers, showing a
removal efficiency of about 70% but with a poor mass balance. The PISCES database (three
data points), however, indicates mercury removal efficiencies of 85-90% with fabric filters.
In comparison, the mercury removal efficiencies with fabric filters were reported by Smithl8
to be about 50% (with one case of 90%), somewhat lower than the PISCES results. Because

of the build-up of filter cake, under some conditions fabric filters probably would provide
greater removal of mercury than would ESPs. Additional data, however, are needed to verify
this supposition.

4.2 FLUE.GAS DESULFURIZATION SYSTEMS

Two types of flue-gas-desulfurization (FGD) systems generally have been used for
large coal-fired boilers: wet FGD and dry (spray dryer; SD) FGD systems. The former is
typically placed downstream of a particulate-collection device, and it can be used for coals
having a range of sulfur contents. Some of the older wet FGD units might also have been
designed for simultaneously controlling particulates. In comparison, the spray-drying
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TABLE 5 Summary of Mercury Removal
Efficiencies from Coal-Fired Boiler Emissions

Particulate Control Device Removal Efficiency (%)

Utility boiler
Cold ESP 22-91 (20-90a)
Hot ESP 0
Fabric filter ..b (85.90a)
Scrubber 70

Industrial boiler
Cyclone/multiclone 0-40
ESP 40-90
Fabric filter --
Scrubber --

aFrom PISCES database (Ref. 48).

bDash indicates no data available.

reaction chamber in the dry FGD system is located upstream of the particulate-collection
device; to date, dry FGD systems have been mainly used with coals having low to medium
sulfur contents. Available information in the open literature on the effectiveness of these
systems for the reduction of mercury emissions from coM-fired boilers is summarized and
discussed in this section.

With wet FGD systems, the removal efficiencies for mercury range from 30% to as
high as 95%.27,49 Both the PISCES database and the report by Smith indicate wide
variations (10-90%) in mercury removal efficiency with wet FGD systems. The characteristic
features of different types of scrubber designs may contribute to this wide range of
efficiencies, but very limited information on the designs and operating conditions has been
reported. It is possible that certain types of wet scrubber systems (such as the packed-bed
design that was used in some of the early wet FGD systems) may be more effective for
mercury removal.

Very limited information is in the open literature on the mercury removal
efficiencies of spray-drying scrubbing systems used with coal-fired boilers. For an Austrian

power plant equipped with an SD/ESP system that attained 90% SO2 removal (640 ppm at
inlet) with a 36°F approach temperature (the difference between the gas temperature and its
saturation temperature), mercury was reportedly reduced from 2.74 to 0.32 pg per normal
cubic meter (Nra 3) at the exit of the ESP. 5° In addition, Niro Atomizer, Inc., the original
developer of the spray-drying scrubbing system, is currently conducting tests on coal-fired
boilers in the United States to determine the mercury removal efficiency. 5°

A significant amount of data on the removal efficiencies of mercury from municipal-
and hazardous-waste incinerators has been reported. 51"57 The combination of a lime-based
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spraydryerand fabricfilter(SD/FF),which was installedprimarilyforcontrolofhydrogen
chlorideand particulates,hasprovidedgoodmercuryremovalefficienciesof75-99%aslong

astheflue-gastemperatureatthespray-dryingchamberoutletisbelow150°C.Resultsfrom
theevaluationoftwo pilot-scaleSD/FF unitsindicatedessentiallynomercuryremovalwhen

the flue-gas temperature at the SD outlet was higher than 200°C, and mercury removal
efficiencies of 35-45% were attained with an SD/ESP combination for a flue-gas temperature
at the SD outlet of about 140°C. These observations strongly suggest that a significant
amount of mercury in the flue gas from coal-combustion systems would be captured by an
SD/FF system, because the flue-gas temperature at the SD outlet is normally below 75°C for
coal-combustion systems.

However,thetypicalmercuryemissionsfromwasteincineratorsaremuch higher
than those encounteredin coal-firedboilers(500-1000tlg/Nm3 vs.5-100tlg/Nm3).5°'56

Preliminaryobservationssuggestthatthepresenceofa highlevelcfhydrogenchloridein
the fluegas from waste incinerationsystemsmay resultin a greaterproportionofthe

mercuryappearingintheformofmercurychloride,whichhas a highermeltingpointthan
mercury and condensessoonerthan the puremercury vapor. Hence,mercury removal

efficiencieswiththeSD/FF systemon coal-firedboilersare expectedtobe no betterthan
thoseachievedon wasteincinerators.
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5 NEW PROCESSES FOR CONTROL OF MERCURY EMISSIONS

Several processes have been investigated for the reduction of mercury emissions in
flue-gas streams. These include the addition of activated carbon into the flue-gas duct
upstream or downstream of the SD chamber (but before the particulate-collection device) in
an SD/FF system; 5°,56'57'58 a wet scrubbing system with a polysulfide solution and other
chemical additives; 4s'59and a low-temperature plasma process being developed in Japan. 6°'61
In addition, conventional dry carbon adsorption has been applied for mercmT control in
Europe, 4s'5°'57 and another dry sorption process using lignite-derived coke for the reduction

of oxides of nitrogen (NO x) also removed essentially ali mercury in pilot-scale tests. 62 These
processes are discussed in the following sections.

5.1 IMPROVED SPRAY-DRYING SCRUBBING SYSTEM

The spray-drying scrubbing system has been successfully applied to waste
incineration systems for controlling (mainly) hydrogen chloride and to coal-fired boilers for

controlling SO 2 (Section 4.2). Since typical mercury emissions in the flue gases from
municipal solid waste (MSW) incinerators are about an order of magnitude higher than those
from coal-combustion systems, concern has been raised about reducing mercury emissions
from MSW systems. In response to this concern, the standard lime-based spray-drying
scrubber system has been improved by using chemical additives to make it capable of
removing mercury or other gaseous pollutants from combustion flue gas. Niro Atomizer, Inc.,
has been granted a European patent for this improved SD/FF process and has applied for a
U.S. patent as weil. 56 The process is being used commercially to enhance mercury removal
at one incinerator in Zurich.

In thisimprovedversionofthe spray-dryingscrubbingsystem,a dry activated-
carbonpowderisinjectedintotheflue-gasducteitherupstreamofthespray-dryerchamber

orbetweenthespraydryerand theparticulatecollector.The amount ofcarbonaddedduring

pilot-plantand commercial-planttestswas reportedtobe30-80mg/Nm 3(approximately0.01-
0.03g peractualcubicfoot[ACF]).TypicalresultsfromthetestsarepresentedinTable6.

In alltests,injectionofthe carbonresultedinsubstantialincreasesinmercuryremoval.
Thisresultwas especiallynotablewhen an ESP was usedastheparticulate-collectiondevice

and when thespray-dryerabsorber(SDA)unitswere operatedathighoutlettemperatures

(285°F).With abaghouseastheparticulate-mattercollector,themercuryremovalefficiency
increasedfrom 69% to91% evenastheSDA outlettemperaturewas increasedfrom265°F

to285°F.UsinganESP, themercuryremovalefficiencycouldbeincreasedfrom27% to78%
at285°Fand from66% to86% at230°F.The mechanism behindthisincreaseinremoval

efficiencywas not explained,but itisprobablydue tophysicaladsorptionofthemercury

vaporontothecarbonparticles.Inaddition,theinjectionoftheactivatedcarbonpowderalso

resultedinsubstantialimprovementson dioxirdfuranremovaland NO xremoval.56
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TABLE 6 Mercury Removal in Tests with SDA Systems

SDA-Bsghouse SDA/ESP
PilotPlant Full-ScaleIncinerator

230 265 285 230 230 285 285
Outlet temperature (°F)

Additive Yes No Yes Yes No Yes No

Mercury(pg/Nm3)
Inlet 350 287 413 486 411 395 537
Outlet 18 89 38 68 141 85 390

Removal efficiency (%) 95 69 91 86 66 78 27

Source: Refs. 50 and 56.

5_2 POLYSUI_IDE WET SCRUBBING PROCESS

A wet scrubbing process using a polysulfide solution is being investigated at the
Mobil Research and Development Corporation for reduction of mercury content in natural
gas. 61 In this scheme, the mercury-containing gas comes into contact with an aqueous
polysulfide solution in a packed tower. The mercury is removed from the gas by reaction
with the polysulfide to form insoluble mercury sulfide. In order to accelerate both the mass-
transfer and chemical reaction rates, the gas flows over high-surface-area packings wetted
with a thin film of the solution. Stainless-steel Propack CannonTMpacking was used in the
laboratory experiments.

The results from the laboratory-scale experiments indicated that the mercury/
polysu]fide reaction is mass-transfer-limited in gas feeds having a high mercury content and
becomes thermodynamically limited when the mercury content of the feed gas is low. In tests
with gas containing a low concentration of mercury, the residual mercury in ti_,legas could
be reduced from about 0.1 ppb to below 0.01 ppb, a reduction of greater than 90%, with a
solution containing 3-ppm polysulfide salt. For this high level of mercury removal, the gas
superficialvelocitycouldbe as highas 13 cm/s,and the liquidvelocitywas not critical

becausethe packingsservedas a reservoirforpolysulfdes.In additionto promoting
gas/liquidcontact,the stainless-steelpackingwas found to adsorb and concentrate

polysulfideson thesurfacetofacilitatereactionbetweenmercuryand polysulfides,aswell

as to directlyadsorbthe mercury. However,the capacityofthe lattermechanism was
limited,and breakthroughoccurredwithin30 days.

No datahave been reportedon theeffectivenessofthisprocessfortreatinggas
containing1-10 ppb mercury,which is more representativeof the typicalmercury
concentrationsencounteredinfluegasesfrom coal-firedboilers.Also,the effectofthe

presenceofoxygeninthefluegason theperformanceofthisprocessisnotknown, and the
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presence of mercuric sulfide (HgS) in the scrubbing wastewater may require additional
treatment.

In a related process being investigated in Japan, mercury removal efficiencies of
95-100% were reported for the flue gas from a municipal waste incinerator using a wet lime-
based flue-gas-cleaning system. 4s )in this system, an oxidizing agent (sodium hypochlorite,
NaOC1) was added to the scrubber to solubilize the mercury, which later was removed from
the scrubbing wastewater through a complicated reduction, volatilization, condensation, and
separation process. No detailed information was provided; however, the process is suspected
to be costly.

5.3 LOW-TEMPERATURE PLASMA PROCESS

A nonequilibrium, pulse-corona-induced, low-temperature plasma-chemical process
(PPCP) was developed several years ago by a group of Japanese researchers for effective

reduction of NOx and SO2 in flue gases from combustion systems, and it has recently been
applied to the control of mercury vapor in flue gases from municipal waste incinerators. 59'6°
Unlike ordinary plasma-chemical processes performed in a low-pressure gas atmosphere,
PPCP can be operated under ordinary pressure, producing large numbers of such oxidizing
radicals as .0, .OH .0 3, etc. In this process, a very narrow pulse is used in combination with
a corona electrode system to accelerate only the electrons and not the ions. In this case, the
mechanism for minimizing the ion/molecule temperature rise caused by electron
bombardment is through a very low duty ratio of the pulse (ratio of the pulse duration time
to the total pulse repe_;ition period), which allows sufficient cooling time for ions and
mo)ecules that had been partially heated by electron collisions.

Typical results from laboratory experiments on the removal efficiency of mercury
vapor from the flue gas in an incineration system are shown in Figure 1. The removal
efficiency increases with peak pulse voltage and residence time but decreases with the
operating gas temperature. With a reactor residence time of 2 s, removal efficiencies of
greater than 95% were achieved at a peak pulse voltage of about 50 kV. No information
concerning the state of the mercury after this plasma treatment was reported. It is expected
that the mercury vapor is converted into a condensed phase of fine particles, which still needs
to be captured by a high-efficiency particulate-matter-collection device. Future plans for the
scale-up of this process are unknown.

5.4 DRY ADSORPTION PROCESS

The dry adsorption process has been developed mainly for the removal of mercury
in flue gases from MSW incinerators. In Europe, carbon filters are being tried, with
encouraging results, and a pilot-scale moving-bed carbon filter is under development for
mercury removal. 59 Another pilot-scale unit was evaluated on an MSW incineration plant

that used lignite coke as the sorbent for removal of NOx from flue gas after it passed through
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FIGURE 1 Efficiency of Mercury Vapor Removal from
Incinerator Flue Gas by the Low.Temperature Plasma
Process (Source: Ref. 59)

an FGD system, while simultaneously being cooled to 80-100°C. In addition to high NO x
reduction with ammonia, virtually al/mercury in the flue gas entering the adsorption bed
(100-1000 tlg/m3) was removed. 62 Since typical concentrations of mercury in the flue gas
from U.S. coal-fired boilers are about 10 times or more lower than the mercury concentrations

in the flue gas from MSW incinerators, this process probably will be less effective when
applied to coal-fired boilers.

Another adsorption approach uses a selenium filter, forming mercuric selenide

(HgSe). 57 Very little information, however, has become available.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

Available information on the mercury concentrations in U.S. coals and on mercury
emissions during combustion suffers from inaccuracies and inconsistencies in the sampling
and analytical procedures used and from a lack of information on the coal variables and plant
operating conditions during the tests. It is therefore difficult to make comparisons between
work by different researchers on the effectiveness of different types of particulate-collection
and flue-gas-cleaning systems for mercury emissions. Some tentative conclusions follow:

1. Mercury concentrations in U.S. coals show differences by region and
by coal rank. The exact forms of mercury in the coals, however, are
less well-known. If, as reported in some analyses, mercury is
principally associated with the mineral constituents ill COalS,then a
large portion of the mercury could be removed by physical coal-
cleaning methods.

2. During combustion, greater than 95% of the mercury in coal is
vaporized into the flue gas. Some of the vaporous mercury probably
is condensed during flue-gas cooling through the heat-transfer devices.
_'he degree of condensation depends strongly on the mercury
concentration in the flue gas and the operating conditions of the heat-
transfer devices. Enrichment of mercury on finer fly-ash particles has
been observed, but the forms of the mercury in the flue gas and on the
fly-ash particles are not well-known.

3. Compared with data on other trace elements, few data are available
on emissions of vapor-phase trace elements, including mercury, from
coal-fired boilers. This information is needed in assessing the
potential effect of emissions of mercury on the environment.

4. Of the information available on mercury emissions from coal-fired
boilers, a major portion is associated with plants equipped with cold
ESPs for the control of particulate matter. The effectiveness of ESPs
for control of mercury emissions was found to be 20-50%.

5. Very little information is available on the effectiveness of fabric filters
and wet scrubbers for control of mercury emissions from coal-fired
boilers. These devices, however, probably would show removal
efficiencies for mercury equal to or better than those achieved by
ESPs.

6. Limited data on wet FGD systems indicate that these devices are
effective in controlling mercury vapor emissions. A combination of
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ESP and wet FGD systems can achieve removal efficiencies up to 80%
for the mercury in the flue gas.

7. The data from an Austrian power plant equipped with an SD/ESP

combination achieving 90% removal of SO2 indicate a high removal
efficiency (about 88%) for mercury. Additional data are needed to
substantiate this high removal efficiency.

8. The removal efficiency of spray-dryer-based FGD systems for mercu_r_,
can be further improved by the injection of activated-carbon powder
into the flue-gas duct. This technique, however, has only been
demoustrated on flue gases from waste incinerators.

9. Three other technologies -- polysulfide wet scrubbing, low-
temperature plasma, and dry adsorption- have been reported in the
literature for good control of mercury in incinerator flue gas or in
methane gas, but they have not been evaluated on coal-combustion
flue gas.

6_2 RECOMMENDATIONS

1. Investigate the effectiveness of physical coal-cleaning methods for the
removal of constituent mercury from coal.

2. Conduct experiments, as part of the U.S. Department of Energy's
studies on air toxics from coal-fired plants, to characterize mercury
emissions (including the various forms of mercury) from plants
equipped with fabric filters, wet FGD systems, and spray-dryer FGD
systems.

3. Monitor closely the results of the studies being conducted by EPRI on
air toxics from coal-fired power plants.

4. Develop techniques for improved removal of mercury from flue gases
to ensure that control technologies are available when needed.
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APPENDIX:

REVIEW OF SAMPLING AND ANALYSIS METHODS FOR EMISSIONS
OF MERCURY AND ITS COMPOUNDS FROM

COAL-BURNING FACILITIES

by

S. Zaromb

A.1 INTRODUCTION

The 1990 Amendments to the Clean Air Act aim to reduce emissions (both gaseous
and particulate) of 189 substances called "air toxics. "1'2 Among these substances are heavy
metals (including mercury) that are preser.t in trace quantities in fossil fuels and are
components of the exhaust emissions from power-plant boilers and other combustion
processes. 2'3 Mercury is of special concern because it ends up in soil and water and moves
up the food chain, ultimately accumulating in the tissues of fish and fish-eating predators. 2
The most toxic forms of mercury that accumulate in fish and animal tissue are dimethyl and
monomethyl mercury compounds. 2'4

Man-made sources account for about 30-55% of global atmospheric mercury
emissions, of which about half is attributed to fossil-fuel combustion. 2'5 Of the mercury that
enters coal-fired power plants, without control, more than 90% is released as vapor into the
atmosphere. 3'5'6 However, the methods used to analyze for mercury in power-plant emissions
do not distinguish between elemental mercury and the various mercury compounds. Also,
very little is known about interconversions of the various forms of mercury in the
atmosphere, in soils, and in water.

The EPA Reference Methods for mercury 7 were not specifically promulgated for
power plant emissions; methods 101 and 102 apply to chlor-alkali plants only. Method 10lA,
developed for sewage sludge incineration, may also be applicable to other combustion
sources. 3 A variant of this method, using a modified EPA Method 5 sampling train and a
different absorbent in two of the impingers, gave results that were statistically similar to
those of the original method. 3 This variant is deemed to be "most desirable" because of its
"particulate collection efficiency, ease of operation, availability, and cost. "3 It also is
compatible with the sampling of other trace elements (including lead, beryllium, and arsenic)
and analysis for such elements by either inductively coupled argon plasma spectroscopy or
atomic absorption spectroscopy. The EPA-approved analytical method for mercury
determination is cold-vapor atomic absorption spectroscopy, 3'7but other methods have been
used.6, 8-11

The following sections contain a critical review of the existing sampling and analysis
methods for the determination of mercury and its compounds in the emissions from
coal-burning facilities. This review is followed by suggestions for improvement.
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A.2 OVERVIEW OF EXISTING _kMPLING AND ANALYSIS METHODS FOR
MERCURY EMISSIONS FROM COAL-BURNING FACILITIES

A.2.1 EPA Method 101A 7

Particulate and gaseous emissions are withdrawn isokinetically from the source at
a rate of less than i ft3/min (28 L/rain) and are absorbed in acidic potassium permanganate

solution (4% KMnO4, wt/vol, in 10%H2SO4, vol/vol) contained in three impingers in an EPA
Method 5 sampling train 12 (Figure A.1) for a minimum recommended sampling time of 2 h.
The solution collected from three impingers is combined with rinsings from the probe, filter,
and filter holder and diluted to a known volume, and it is further diluted, as needed, to bring
the sample into the working range of the spectrophotometer. A sample of 1-20 M1(usually
5 Ml) of the diluted solution is introduced into an aeration cell (Figure A.2) containing 25 Ml
of deionized distilled water, to which are added (a) 5 Ml of the acidic 4% permanganate

solution, (b) 5 Ml of 15% HNO 3, (c) 5 Ml of 5% Kmno 4 (wt/vol), and (d) about 5 M1 of 12%
(wt/vol) hydroxylamine hydrochloride in 1-Ml increments until the solution is colorless (and
hence free of permanganate). Then the mercury is reduced to its elemental form by adding

5 Ml of 0.4 M SnCI2 in 1.2 M Hcl and stirring for 15 s, after which the cell is immediately
aerated with nitrogen or mercury-free air (at a flow rate of 1.5 ± 0.1 L/min using the aeration
system of Figure A.3) with continued stirring. The atomic absorption of the aerated mercury
vapor in the optical cell of Figures A.3 and A.4 is measured with a spectrophotometer
containing a hollow-cathode mercury lamp, and the concentration of mercury in the emissions
is deduced from the absorption value and other relevant data.

The detailed procedures are far more complex and elaborate than might appear from
the preceding summary overview. It is therefore no surprise that modifications of this
method have been sought and favored. 3'13

A.2.2 Proposed Modifications in EPA Method 101A

The modifications recommended by Osmond et al. 13 and the Radian Corporation 3
apply mainly to the sampling apparatus and procedure. A modified EPA Method 5 train
comprises five impingers, three of which contain the following absorbing solutions:

• Impingers No. 2 and 3 contain 10% H202 in either the previously
recommended 13 5% HNO 3 or a 0.1 N HNO3 solution (preferred by
Radian). 3 Either one of these solutions is used for the absorption of ali
metals of interest.

• Impinger No. 4 contains acidified permanganate solution for the
absorption of mercury.

This train operates at a flow rate of about 0.5 standard ft3/min (14 L/rain) over a 4-h
sampling period. 3
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The modified procedure also involves digestion steps with evaporation of the
solutions to near dryness using either conventional or microwave heating. 3 It is not clear
from Ref. 3 whether these additional steps are mainly applicable to metals other than
mercury or whether they are necessitated by the soot that is generated in coal burning. To
clarify this question it is necessary to review Ref. 13, which was not available at the time of
writing.

A.3 SHORTCOMINGS OF THE PRESENT METHODS AND AREAS OF
POTENTIAL IMPROVEMENT

Besides being extremely slow (sampling time of 2 h or more), complex, and elaborate,
the EPA Method 10lA and its proposed variants 3'13 do not distinguish between elemental
mercury and mercury compounds, especially the highly toxic methyl mercury species.
Therefore, the following subsections deal with possible improvements in (1) accelerated
sampling and (2) distinguishing among species of the collected mercury.

A.3.1 Accelerated Sampling Methods

EPA Method 10lA and its proposed variants meet the requirement for isokinetic
sampling. "The collection of a sample under nonisokinetic conditions results in a
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nonrepresentative particulate sample, the distortion being greatest when a significant
fraction of the particles is greater than 5 _m in size. ''15 Such a distortion may cause serious
errors when a substantial fraction of the analyte may be carried by the particulates.

However, greater than 90% of the mercury from coal-fired power plants is emitted in the form
of vapor. 3'5'6 Hence, the main objection to nonisokinetic sampling would not apply to the
monitoring of mercury emissions.

The source assessment sampling system (SASS) samples stack gases nonisokinetic-
ally at a rate of 4 standard i_3/min (112 L/rain), 3'16'17 which is 5-8 times faster than with the
isokinetic method. Substitution of the SASS for the Method 5 train would therefore reduce
the minimum recommended sampling time from 2 h to 20 ± 5 rain.

The saml_ling rate of the SASS appears to be limited to about 4 ftS/min (0.11 mS/rain)
because of its in-line sorbent cartridge(s) and impingers. Substitution of a recently developed

high-throughput liquid-absorption sampler 18 for each of the impingers and sorbent
cartridge(s) should permit an increase in sampling rate to about 1 mS/mim Such a
substitution would reduce the minimum required sampling time to about 3 rain or less.

Accelerated sampling and analysis for mercury could lead to the development of
automated continuous monitors for coal- or waste-combustion systems.

A.3.2 Differentiation Between Elemental Mercury and Mercury Compounds

Published methods for differentiating between elemental mercury and mercury

compounds fall into two categories: (1) methods using a gas chromatography column, either
alone 19"21or in conjunction with an adsorbent cartridge, 1°'22and (2) methods using selective
sorbents. 9,23_2 Selective sorbents could be easily inserted in either the Method 5 or the

SASS sampling train, as could an adsorbent cartridge having both interconnections that can
be switched from the train to the gas chromatography column and an adjustable heater, so
that its temperature can be varied to permit thermal desorption.

A gas chromatography column with a switchable adsorbent cartridge would be more
expensive and more complex than a series of sorbent tubes, but it would permit detailed
identification of a variety of mercury compounds. In contrast, a set of sorbent tubes would
permit distinction between only a few selected compounds or families of compounds, but it
could be more readily adapted to the accelerated sampling methods of Section 3.1.

A.4 CONCLUSIONS AND RECOMMENDATIONS

The EPA Method 10lA and its recently proposed variant(s) are so complex, elaborate,
and time-consuming that they could only serve for sporadic verifications of compliance with
emission standards. Further, they do not provide any information about the forms of
mercury being emitted or (especially) about the concentrations of the extremely toxic
organomercury compounds (as opposed to the far less toxic elemental mercury).
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Insertion into either the Method 5 or the SASS train of either selective sorbents

alone or a nonselective sorbent that is connected to a gas chromatograph would permit
differentiation of the forms of mercury that are emitted from coal-burning facilities. A study
on the most cost-effective modification of the EPA methods that would distinguish between
the species of mercury in the emissions need not be unduly expensive and should yield the
desired results within a reasonable time.

A project of longer range could be aimed at the development of accelerated sampling
and analysis methods that could lead to an automated continuous monitor for rapidly
diagnosing malfunctions in the emissions clean-up process.
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