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Background and Technical Approach

The Clean Air Act amendments of 1990 defined 189 individual hazardous air pollutants
which must be monitored and controlled. Of the 189 listed species, 11 are metals including
arsenic, beryllium, mercury, antimony, cadmium, chromium, cobalt, lead, manganese, nickel, and
selenium. The current method of monitoring these species as components of flue gas requires
sampling of the waste stream followed by analysis for the target metals with separate analytical
procedures. The assay typically requires sample preparation and then analysis by a well-
equipped analytical laboratory using, perhaps, several techniques. This facility may be distant
from the waste stream and have a significant backlog. The results of the analysis may take several
weeks to months to obtain, and significant environmental insult can occur in the interim.
Consequently, there is a real need for a continuous, real-time monitor for these metal air toxic
species. There is no such technology presently in existence.

ADA Technologies is currently developing an metal air toxics CEM for a DOE Phase I
SBIR program. Detection of all 11 metal air toxics simultaneously is complicated by the fact that
some of the species such as chromium, nickel, and beryllium are present in the effluent as
components of the fly ash, while others such as mercury may be adsorbed on the fly ash or
present in the gas phase as an aerosol. In addition, the metals may be speciated as chlorides,
oxides, nitrates, etc. Consequently, the CEM must be sensitive to the metal species regardless of
physical or chemical matrix effects.

The ADA approach to CEM development relies on inductively coupled plasma (ICP) -
emission spectroscopy. We have combined this very sensitive analytical technique with
photodiode array (PDA) technology which allows us to detect many metal species
simultaneously. The high temperature of the ICP torch (typically 5000 - 10000 K for operation
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with argon) vaporizes and dissociates the metal species and excites the resulting metal atoms and
ions electronically. These electronic excitations produce line emission at characteristic
wavelengths for each metal. Consequently, barring coincidental overlap of wavelengths for
different metals, the plasma emission can be dispersed in a spectrograph and detected using a
photodiode array muitichannel detector. The PDA allows the user to monitor a range of
wavelengths simultaneously. Thus, the ICP emission technique offers the promise of detecting
multiple metal species, simultaneously and with excellent sensitivity.

In practice, the situation is complicated by several difficulties. In the field, the ICP-based
CEM will need to operate with at least some, and preferably all, air since the flue gas to be
sampled is, more or less, air. Operation with 100% air presents significant technological barriers.
First, nominally, ICPs are designed to run with 100% argon. Meyer and Thompson at Battelle, 1
Seltzer and Green at China Lake, 2 and a cooperative French eftbrt consisting of Nore, Gomes,
Bacri, and Cabe 3 have all been successful at operating the ICP torch on a stream of 100% air.
This requires a significant power input of about 2.1 kw at 40 - 64 MHz. In addition, the power
supply must be modified to insure optimum coupling by adding capacitance to the coupling
feedback loop.l,2, 3

Achieving operation on 100% air, however, is the least of the dit_culties. Introduction of
air into the ICP creates a backgrotmd emission signal consisting of mainly NO and OH emissions
in the UV. The NO species are created from the oxygen and nitrogen in the air stream and excited
by the electrons in the plasma. To produce OH radical, the air must be humid which, of course,
will be the case with flue gas. The problem is that these species emit relatively broadband
radiation over a significant wavelength range in which many of the target metals also emit. Thus,
the noise level is increased for air operation and the amount of wavelength space free from
interferences in the UV is significantly decreased.

Finally, operation with even small amounts of air cools the plasma temperature
dramatically. The temperature is reduced from the normal 7,000 - 10,000 K operating range
associated with argon to perhaps 3000 - 4500 K, not much higher than flame temperatures. This
decrease is caused by dissociation of the air constituents, oxygen in particular, and subsequent
radical reactions. Although the decrease in temperature is only a factor of approximately two,
this effects the populations of the excited, emitting states exponentially through the Boltzmann
factor. Thus, for the high lying excited states used for detection of arsenic and selenium which
occur at 50,000 cm-1 (6.2 eV), a factor of two decrease in temperature translates into a factor of
3000 decrease in the population of the excited state. This translates into a correspondingly large
decrease in signal (detection efficiency). For longer detection wavelengths the effect is not as
severe, but still substantial. For example, at the lead detection wavelength (405 nm) the same
factor of two decrease in temperature decreases the signal by a factor of 55. In addition,
quantitative vaporization and dissociation of the metal species is not assured in the cooler parts
of the air ICP torch which can cause significant errors.

Experimental Section and Results

The experimental apparatus used in this work is pictured in Figure 1. It consists of an
RFPP Inc. 1.6 kW, 40.68 MHz rf power supply and ICP torch. The system was designed to run
on argon. Emission from the torch was focused into an Oriel Multispec f/3.7, 1/8 meter
spectrograph equipped with a 1200 lines/ram holographic grating with either a 1 inch diameter, 4
inch focal length quartz lens or an off- axis parabolic mirror, 2 inches in diameter with a 6 inch
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focal length. A Hamamatsu $3904-1024Q linear diode array served as the detector. The detector
has 1024 active diodes in a 1 inch array, and with the dispersion of the multispec, a 164 nm
wavelength range can be acquired at any wavelength setting. In previous work, Seltzer and Green
and Nore et al. used photomultiplier tubes as detectors which have the advantage of extraordinary
sensitivity, but lack multichannel capability. Consequently, scanning monochromators must be
used to obtain data which slows the acquisition process. Spectra are acquired and stored on a
386 PC. The PDA integrates the light impinging on each element for 3 secs before readout
occurs; this constitutes a single spectrum. Additional averaging occurs on board the computer as
explained below.

Plasma

Light Collection Spectrograph

rf Generator

)

So, ,,on [' 1
386 Computer

Figure 1" ICP Metals Apparatus

Due to the difficulty of producing known concentrations of metal samples in aerosol form
or as components of fly ash, we determined sensitivity limits for eight of the target metals by
aspirating standard solutions of known concentration into a nebulizer. This provides a source of
metal at known concentration in the torch. By changing the concentration of the aspirated
solution, we were able to determine sensitivity limits for each metal. In addition to the three
second PDA integration time described above, a running average of 10 individual spectra is
performed on board the computer to produce a single data point on the signal vs. time curve. At
various times, solutions of known metal concentration are aspirated into the nebulizer and
eventually introduced into the ICP. An experimental data set for chromium is shown in Figure 2.
As a new spectrum is taken into the average, the spectrum which has already been includeo m ten
averages is dropped. This slows the time response of the system to about 20 - 30 secs; however,
the increase in signal to noise is dramatic.
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Figure 2: PDA signal counts vs. chromium concentration.

The average number of photodiode counts/sec is determined from the zero slope regions
of Figure 2 for a given concentration and plotted vs. concentration as shown in Figure 3 for
cobalt. Solutions are carefully prepared by the successive dilution method from standard 1000

_tg/ml stock solutions (Johnson-Mathey) for each metal. We determined the ICP uptake rate to
be 0.07 ml of stock solution/min, by measuring the mass loss of solution as a function of time at a
carder gas flow rate of 0.5 l/min. All calibration work was done at this flow rate. The detection
sensitivity is then the slope of the emission response vs. concentration curve in Figure 3.
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Figure 3: Calibration curve tbr Cobalt. Emission Signal vs. [Co] in the torch.

The concentration on the x - axis of Figure 3 is the concentration of the metal analyte in the torch
plume. This number can easily be calculated from the ICP intake rate, the concentration of the
aspirated solution, and the carrier gas flow rate. The concentration of the metal in the torch
plume is used since the CEM must measure the concentration of a gas phase sample. The
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detection limit is defined here as 3 times the standard deviation of baseline counts when the

aspirated solution contains no metal divided by the detection sensitivity. The standard devi.ation
in the number of baseline counts is determined by the computer program from data like that
shown in Figure 2.

The results are given in Table 1. The data are compared to the concentration of metal
expected in typical flue gas from a coal-fired power plant. Except for arsenic, chromium,
mercury, and lead, our detection limits are one to two orders of magnitude above the required
level. Chromium detection is already in the required range. The detection limits for arsenic, lead
and selenium are especially poor. In the case of arsenic and selenium, the poor detection limits
are due to a combination of severely decreased detector sensitivity _ the requisite wavelengths (_-
200 nm) and the very high excitation energy of these transitions_ To increase the detection
sensitivity in future studies, a UV-intensified CCD (ICCD) detector will supplant the current
photodiode array. The intemified CCD offers several advantages over the PDA. First, the CCD
is a two-dimensioratl detector as opposed to the linear PDA. The data from the extra spatial
dimension can be quietly averaged to increase signal to noise. Second, the intensified array has
much higher intrinsic sensitivity than the PDA, especially in the far UV region where selenium
and arsenic emit. Satta_on of the PDA detector often occurs for the metals aluminum, titanium,
and silicon. To avoid satta_on of the more sensitive ICCD, a mask will be devised to
physically block the array at the wavelengths for these strong emissions. Calibrated neu_a;
density filters can be added to the mask to prevent saturation on any lines of interest.

Table 1

Camnarison of Detection Limits with Exaected Flue Gas Con¢¢atratiolts

Metal Experimental Det_,,rion Limi't• ,,F)ueGas Composit!0n .
Arsenic 6160 10 - 20
Cadmium 70 1 - 5
Cobalt I 70 4 - 10
Chromium 10 20 - 40

Mercury 330 5 - i0
Nickel 430 20 - 40
Lead 1090 15 -25

Se.leni'um' l 0,910 70- 1O0

Values are in _g/m 3.

In addition to the calibration data described above, we have obtained spectra of fly ash in
the torch with 100% Ar and a 0.95/0.05 argon/air mixture as the cartier gas. We have observed
that diluting the intake air with 95% argon facilitates stable torch operation over operation with
100% air and probably slightly increases the plasma temperature. Both of these effects increase
the detection sensitivity and lower detection limits. Representative spectra for the wavelength
region from 280 - 420 ran are shown in Figure 4.
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Figure 4: Fly ash ICP-AES spectrum with 100% Ar and a 95/5% Adair mixture. CAA metals
are denoted by italicized, bold annotation.

Many metals including Si, Mn, Ti, Mg, A1, Zn, Na, Ni, Fe, Mo, Pb, Cr, and Ba can be identified
in the fly ash spectra. Of these identifiable metals, Mn, Ni, Pb, and Cr are on the Clean Air Act
regulated list, although only Ni, Pb, and Cr are seen in the wavelength range encompassed in
Figure 4. An independent assay of this fly ash sample by x-ray fluorescence (XRF) shows that
no additional listed toxic metals are present in the sample. The XRF data indicate that Mn, Cr,
Ni, and Pb are present in 100, 120, 210, and 40 ppm quantities, respectively. Thus the ICP-AES
technique is capable of detecting the regulated metals in actual fly ash samples.
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In the U.S., the general population is exposed to methylmercury (MeHg)
principallythroughthe consumptionof fish. There is continuingdiscussionabout the
sourc¢,,_of this mercury,the magnitude and trends in exposures to consumers,and
their health significance. The forums for these discussionsextend from the scientific
literatureto the U.S. Congress. Of special interestbecause of the health and economic
implicationsassociatedwith its outcome, is the U.S. EnvironmentalProtectionAgency
study,now scheduledfor completionin 1995, whichwill evaluate the need to regulate
mercury emissionsfrom electric utilities. The U.SoDepartment of Energy, Office of
Fossil Energy, is sponsoring a risk assessment project at Brookhaven National
Laboratory (BNL) to evaluate independently these same hazards. This report
summarizesresultsfromthisproject(Lipfert et al., 1994).

APPROACH

In this study, health risks to adults associatedwith mercury emissions from a
hypothetical1000 MW coal-fired power plant were estimated using probabilisticrisk
assessmenttechniques. The BNL approachdrawson the extant knowledgein each of
the important steps in the chain from emissions to health effects. The analysis
explicitly recognizes that the general public has a wide range of fish consumption
patterns,mainly comprisinga variety of species. Further, it is recognized that health
effects are keyed to equilibriumlevels of Hg body burden, not to the acute effects of
individual doses. For this assessment, three separate sources of dietary Hg are
defined: cannedtuna fish (affectedby globalHg), marineshellfishand fir, fish (affected
by global Hg), and freshwater game fish (affected by both global Hg and local
deposition from nearby sources). Wet and dry deposition of Hg from the coal
combustionsource (a hypotheticalpowerplant) are estimated,and any mercury that is
not deposited within 50 km is assumed to enter the global background pool. The
incrementalHg in local fish is assumedto be proportionalto the incrementaltotal Hg
deposition. Existing"reference dose" levelsare not used as an indexof health effects
because of their embeddedconservatism;rather, the analysis is based on alternative
dose-responsemodelsbased on the originaldata on specific neurologicalresponses,
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in this case, adult paresthesia(tinglingof the extremities). The probabilisticmethods
used in the assessmentspecificallyincorporatethe uncertaintiesin the dose-response
function,as well as in the dose terms.

EMISSIONS AND ATMOSPHERIC PROCESSES

The plant is assumedto bum coal having the U.S. average content of mercury
(0.8 ug/g), to be equipped with an electrostaticprecipitator,and to have a capacity
factor of 75%. Althoughlittle reliable data were found on the parameters controlling
mercury deposition from power plant plumes, our model compared well with
measurementsof wet deposition of Hg downwindof an incinerator. There is more
informationon the relevant atmosphericprocessesfor background Hg, but these data
may not apply to the near field (i.e., footprint)of a plume. Resultsfrom conventional
(short-range) air quality modelingwere used, based on the assumptionof Gaussian
profiles in the powerplant plume,to estimateannual air concentrationsat the surface,
which is assumedto be fiat.

Although recent data indicate that a high proportion of mercury in coal-fired
power plant stacks is Hg++, there is little or no informationon it,=fate as it travels
downwindin the plume. Dry deposition is modeled by assuming a value for the dry
deposition velocity (Vd), defined as the ratio of the deposited flux to the air
concentration. Different values of Vd are assigned to elemental, water-soluble,and
particulateformsof Hgo

Wet depositionwas modeled in two different ways, using either the washout
ratio (ratio of concentrationin precipitationto air concentration)or a dynamic plume
depletionmodel,and similarresultswere obtained. Both methods requiresite-specific
data on precipitationfrequencies,duration,and wind directions. The model suggests
that local effectsmay doubleor triple the total backgrounddepositionof mercury,but
that, in any event, about 95% of the Hg emissionsfrom a tall stackwill travel beyond
the 50 km radiusas a resultof the low rates of deposition. At this radius,airborne Hg
concentrationsare reduced drastically,so that the incrementalHg depositionfromthe
plant is of the orderof 1% of backgroundlevels.

BASELINE MERCURY LEVELS IN SEAFOOD

Substantialvariationswere found in the mercury concentrationsreported for a
given fish species. Some of these may be due to differencesin laboratory techniques
over time and the reportingof total Hg vs. MeHg, but the main sourcesof variability
withina givenspeciesare fishsize and age, and inaddition,for freshwaterspecies,the
levelsof dissolvedorganiccarbon(DOC) and pH of the water body. Itwas notpossible
to identify an effect of watershed/lake surface area ratio on Hg contentfrom existing
data, which raises questionsas to the mobilityof Hg deposited in a watershed. The
variationsamongthe average levels of Hg between differentfishspecieswere of about
the same order as those within a given species, and were probably related to the
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trophic level of the fish. When weighted by the quantities caught, there was no
differencebetween average mercury levels in marine shellfish and in marine finfish
(bothwere about 0.1 ug/g), if tunafishare consideredseparately (whichaverage about
0.2 ug/g). Mercury levels for freshwater game fish were higher (averaging about 0.3
ug/g) and more variable. There was the suggestionof a downward trend in fish Hg
concentrationsover time, especially for canned tuna, but this could not be confirmed
statistically. Better data on mercury levels in seafood are needed. These
considerationsapply to the baseline statusof mercury in seafood, which may include
the distributed regional effects of existing coal combustion. To estimate the
incremental localeffects of a hypothetical plar0t,proportionalitybetween local mercury
depositionfrom the atmosphere and the mercury content of local fish was assumed.
Use of the estimated baseline as a reference point provides a useful "calibration"for
the BNL model.

FISH CONSUMPTION RATES AND THE DISTRIBUTION OF BASELINE MeHg DOSES

In order to derive seafood consumption statistics appropriate for this
assessment,it was necessary to combine data from various sources. For example,
much of the detailed data on distributionsof seafood consumptiondate from 1973-74,
and overall consumptionhas increasedsubstantiallysince then. Thus, the trend data
from national overall productionstatisticswere used to adjust the older distributional
statisticsupward to more nearly reflect current consumption levels. However, this
proceduremay entail errors if publicpreferencesfor certain species have changedover
the years. Good supportwas found from both surveysand productionstatisticsfor an
overallaverage per capita seafoodconsumptionrate of about25 g/d (about 1 mealper
week), with a 95th percentile level of about80 g/d. About 95% of the U.S. population
consumessome seafood over the course of a year. The average daily (baseline)
MeHg dose for consumers of freshwater fish in the upper Midwestern U.S. was
estimatedto be about4.6 ug/d. The 99th percentilewas about 34 ug/d, which is only
about 10% of the U.S. EnvironmentalProtectionAgencyestimated dose thresholdfor
adult health effects. As discussedabove, local increases in mercury depositionare
assumed to have proportional effects on the mercury dose to the population
(consumption13velsare assumedto remainat baseline levels).

THE STEADY-STATE DIET-BLOOD-BODY BURDEN MeHg RELATIONSHIP

Several sources of informationwere found on the relationship between MeHg in
the diet and the levelsof Hg reached in blood,which then formthe basisfor the steady-
state body burdenof MeHg and for neurologicalhealth effects. The most commonly
used relationshipis based on acute MeHg doses by only 5 subjects and does not
presenta realisticpictureof the uncertainties. Epidemiologicalapproachesto this topic
tendto sufferfrom imprecisionas to the dietary doses and to biologicalhalf-lives. The
half-life, which expressesthe differentialeffectof MeHg uptake and excretion,controls
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the magnitude of the response expected from a given rate of daily input, together with
body weight. A Iognormal representation of half-lives determined on 48 Iraqi MeHg
poisoning victims as input to the risk assessment.

A key feature of this assessment is the recognition of the need to account for the
effective dose averaging that takes place as equilibrium body burdens of MeHg are
reached and maintained. The only way to accumulate a lot of MeHg is to eat fish often,
since there are parallel limits to the size of each meal and the Hg content of each fish.
This averaging process reduces the variability in MeHg experienced by an individual in
thc long-term. This may help explain why so few cases of adverse health effectsare
seen in populationsof heavy fishconsumers.

DOSE-RESPONSE FUNCTIONS

The central nervoussystem isthe principal target for MeHg, with the potential for
effectson sensory, visual, and auditoryfunctions. Low doses may create nonspecific
symptomssuch as paresthesia, malaise, or blurred vision. Higher doses may bring
deafness, loss of coordinationwhen walking, and speech disorders, and, in extreme
cases, coma and death. Individualsmayvary greatly in their responses.

Data on frequency of adult paresthesia (perhaps the mildest symptomof MeHg
poisoning) in 122 Iraqi adults who in 1971-1972 consumed mercury contaminated
bread, were used to derive a continuous dose-response function, including the
uncertaintiesin the parameters of the function. Contaminatedgrainwas consumedby
82 of the patients,40 subjectswere consideredto be unexposedcontrols. These data
are only available as averages for 7 groups of about 20 individuals, classified
accordingto their estimatedintakeof MeHg and body burdens. The body burdendata
were correctedto reflect the (nonequilibrium)levels present at the times that symptoms
were first noted. Logisticregressionswere used to define alternativedose-response
models for various assumed levels of background prevalence of paresthesia. The
model that fit the observationsbest in the region of low dose (which is of primary
interesthere) was selected for use in the risk assessment, but the uncertainties in its
parameterswere such that the alternativemodelswere includedin itsoverallenvelope.
The backgroundprevalence rate for paresthesia used was 2.2%, which corresponds
withthe rate found independentlyin an unexposedgroupof about 1000 Iraqivillagers.

ASSESSMENT OF BASELINE AND INCREMENTAL RISKS FROM A 1000 MW PLANT

The statisticaldistributions of the Hg content of 3 different seafood categories,
their rates of consumption,and numberof meals consumed in the timeto reach 97% of
equilibriumdose were combined to define the distributionof doses. The distributionof
equilibriumbody burdenswas based on the distributionsof doses, bodyweights, and
biologicalhalf-lives. The distributionof responses was defined by the distributionof
doses, after considering the uncertainties in the dose-response function. Power plant
contributions to MeHg were modeled by incrementing the Hg concentrations in
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freshwater fish only, using a uniform statistical distribution rangingfrom 50% to 200%
increase. The effectsof powerplant emissionson marinespecies are assumed to be
negligible, since these species are primarilyaffected Dy global levels of Hg and the
U.S. utility industrycontributesonly a small fraction of the existingglobal pool each
year. The resultspredicteda baseline average risk level of about 0.003% (3 chances
in 100,000), with an upper 95th percentile risk of 0.012%. When power plant
incrementswere added, the expected average risk level increased to 0.011% with an
upper95th percentileriskof 0.033%. To place these risksin context,in a populationof
10,000 heavy fish eaters, one case of paresthesia due to fish consumptionwould be
expectedin the absence of a powerplant, 3 cases withthe plant, and about 220 cases
due to other causes. If a deterministichockey-stickdose-responsemodel had been
used, the incrementalfrequencyof paresthesiawouldhave been zero in all cases. The
effectsof emissionsof a singlepower plant on globalmercury levelsare thus seen to
be small in the context of existingbackground, and this is probably the case for the
entire U.S. utility industryas well. However, in the long-termit may be necessary to
consider the slow increase in Hg in the global pools. These findings are consistent
with ',he failure of several epidemiologicalstudies to find definitive symptomsof Hg
poisoningamongpopulationswith heavy fishconsumptionpatterns.

RECOMMENDATIONS

It is clear that the risksof adult paresthesiafromfish consumptionare low. This
analyticalframeworkshouldbe extended to the case of maternalfishconsumptionand
fetal effectson childdevelopment,which are thoughtto be considerablymore sensitive.
It is also clear thatthe basicdata used in thisanalysisare in need of improvement:

1. Mercury levels in fish are based on conflicting and outdated data.

2. Fish consumptionpatterns of sensitive subpopulations (such as pregnant
women)have notbeen established.

3. Appropriatemethodsfor estimating Hg depositionfrom power plants have not
been validatedin the field.

4. The intersectionsof the sets of locations of U.S. coal-fired power plants,
sensitive water bodies, and susceptible subpopulations have not been
established.

5. Annual totalHg emissionsfrom coal burningand from other sources, including
naturalsources,are stilluncertain,which makes itdifficultto estimate the effects
of U.S. coal burningon global Hg concentrationlevels.

6. Since the uncertaintyin the dose-responsedata contributedover half of the
variability in the estimatesof paresthesia frequency, improveddata on health
effects shouldresult in substantiallymore preciseassessments.
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1.0 INTRODUCTION

The ability to remove mercury from power plant flue gas may become important because of the
Clean Air Act Amendments' requirement that the U.S. Environmental Protection Agency assess the
health risks associated with these emissions. One approach for mercury removal, which may be
relatively simple to retrofit, is the injection of sorbents, such as activated carbon, upstream of existing
particulate control devices. Activated carbon has been reported to capture mercury when injected into
flue gas upstream of a spray dryer baghouse system applied to waste incinerators or coal-fired boilers. 1''_
However, the mercury capture ability of activated carbon injected upstream of an electrostatic
precipitator (ESP) or baghouse operated at temperatures between 125° and 175°C is not well known.

A study sponsored by the U.S. Department of Energy and the Electric Power Research Institute is
being conducted at the University of North Dakota Energy & Environmental Research Center (EERC) to
evaluate whether mercury control with sorbents can be a cost-effective approach for large power plants.
Initial results from the study are reported in this paper. Variables of interest include coal type, sorbent
type, sorbent addition rate, and temperature.

2.0 EXPERIMENTAL APPROACH

Baseline and sorbent screening tests were conducted at the EERC with a pulverized coal (pc)-fired
combustor known as the particulate test combustor (PTC) and a pulse-jet baghouse. Originally, the PTC
used cold-water annular heat exchangers to provide flue gas temperature control to the baghouse.
However, analysis of ash deposits collected from the heat exchangers indicated that some mercury was
collected on the duct walls. To minimize this effect, the heat exchangers were modified for these tests
to provide for higher duct wall temperatures. A complete description of the PTC and baghouse was
given in a previous report 3.

The tests were conducted with two coals. The first was a Powder River Basin subbituminous coal

from the Absaloka mine. The second coal selected was a bituminous coal from the Pittsburgh No. 8
seam, Blacksville mine. Since the level of mercury in the two coals averaged 59 and 85 ppm,
respectively, and the coal feed rate to the combustor is about 23 kg/hr, the required sorbent add rate is
only about 2 g/hr to achieve a sorbent-to-mercury ratio of 1000. Steady sorbent injection at the
required low feed rate was accomplished by using a Model 3410 Dry Powder Disperser (DPD),
manufactured by TSI Inc. This instrument is designed to disperse dry bulk powders into their original
particle-size distribution in a carrier gas, with precise control over the feed rate. For all sorbent tests, the
additive was injected with the DPD into the flue gas duct just upstream of the baghouse.

The purpose of using a dry powder additive injected just upstream of an ESP or fabric filter is to
retain the vapor-phase mercury by either physical absorption or chemical bonding. The dry additive is
then collected in the fabric filter or ESP along with the fly ash. An ideal additive should have the
following attributes:

° Be a good mercury sorbent both in terms of the level of control achieved and the amount of
additive needed
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• Be effective over a broad temperature range

• Not be considered a hazardous waste

• Not readily release the collected mercury upon exposure to water and/or air

• Not adversely affect the performance of the ESP or fabric filter

• Be reasonable in cost

Carbon-based sorbents have been shown to be effective for controlling vapor-phase trace elements,
especially mercury, in a number of applications, including waste incineration and natural gas
production._'4However, until recently little research examined activated carbon sorbents in coal
combustion systems. Activated carbon can be made from a number of different sources, including
wood, coal, bone, and coconut shells. Two primary types tested for control of mercury in waste
incinerators are made from either lignite or wood. Lignite char is thermally activated using steam, while
wood char is chemically activated. Either activated carbon can be used in an unadulterated state, where
absorption of the vapor-phase mercury is the dominant mechanism, or the carbor can be impregnated
with sulfur, iodine, or compounds of these elements. The mercury then reacts with the sulfur or iodine
to enhance mercury retention in the particulate control device. Two carbon-based sorbents used in this
study included a lignite-based activated carbon, which is commercially available from American Norit Co,
inc., and an activated carbon impregnated with an iodine compound, which is commercially available
from Barnebey & Sutcliffe Corp.

Simultansous inle* and outlet mercury sampling was conducted according to tentative EPA Method
29, also known as a multlmetal sampling train method. Method 29 does not claim to speciate between
oxidized and elemental mercury, but other researchers have indicated that oxidized mercury will be
trapped in the peroxide impingers and elemental mercury in the permanganate tmpingers,s'8 To further
evaluate the mercury speciation ability of Method 29, bench-scale tests were conducted in which
mercury(ll) chloride (HgCl_)and elemental mercury permeation tubes were used as known mercury
sources.

Mercury analyses were completed with a Leeman PS200 cold-vapor atomic adsorption (CVAA)
analyzer. To ensure precision and accuracy, the instrument was calibrated on a regular basis using
quality control standards.

3.0 RESULTS AND DISCUSSION

3.1 Coal Analysis

Two of the coal characteristics important to the selection process were the mercury content and
chlorine content. The average mercury concentration on a dry basis for the Absaloka coal was 59 ppb,
with a standard deviation of 10 ppb for 11 samples. The mercury content of the Blacksville bituminous
coal was 98 ppb, with a standard deviation of 17 ppb on a dry basis for six samples. On a dry coal
mass basis, the bituminous coal had a significantly higher mercury concentration, but on a constant
heating value basis, the difference is not as great.

It has been reported that the concentration of chlorine in coal is important in determining the
species of mercury emitted in the flue gas.2 A higher level of chlorine in the coal is expected to increase
the fraction of mercury that is emitted as HgCI2. The chlorine concentration in the Blacksville coal was
about 18 times greater than in the Absaloka coal, 790 ppm, as compared to 45 ppm.
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3.2 Bench-Scale Method 29 Mercury Speciation Tests

Tests were conducted in which nitrogen was passed over elemental mercury and HgCI2 permeation
tubes. In the case of elemental mercury, nine tests with mercury concentrations ranging from 10 to 100
pg/m 3all showed that at least 99% of the mercury was collected in the permanganate tmpingers and 1%
or less collected in the peroxide impingers. Nine tests with HgCI2 indicated that most of the oxidized
mercury is retained in the hydrogen peroxide impingers, but some small amount appe_-s to penetrate
and is detected in the permanganate impingers. Results indicate that the percentage of the oxidized
mercury that is collected in the peroxide is somewhat dependent upon the mercury concentration. At
HgCI2concentrations greater than 20 pg/m 3, more than 99% is retained in the peroxide, but the
percentage retained appears to be slightly reduced at lower concentrations. The data indicate that in
the range of 5 to 10 pg/m 3,which is typical of inlet mercury concentrations from coal combustion, more
than 96% is retained in the peroxide. This level of retention should provide adequate speciation of the
oxidized mercury. These data indicate that Method 29 can adequately speciate between elemental
mercury and HgCI_. However, the results do not prove that other forms of oxidized mercury will be
correctly speclated by the method.

Bench-scale sorbent screening tests were also conducted using lignite-based and iodine-
impregnated activated carbons and simulated flue gas. The simulated flue gas was 3.5% oxygen, 10%
carbon dioxide and water vapor, with the balance nitrogen. No sulfur dioxide or chlorine was added for
these tests. A 645 cm2 Ryton fabric, held in a heated stainless steel holder, was used to collected the
sorbent and fly ash. The sorbent was Dremixedwith fly ash to achieve the desired sorbent-to-mercury
mass ratio and Injected by DPD upstream of the filter. The fly ash selected for these tests was pulse-jet
baghouse hopper ash from baseline tests firing the Absaloka subbituminous coal. As in the previous
bench-scale tests, the elemental mercury and HgCI2were obtained using permeation tubes. For all
tests, it was apparent that the stainless steel filter holder converted oxidized mercury to elemental
mercury at the temperatures tested (93° and 149°C). Because of the conversion that occurred, it was
difficult to interpret the data; however, the data appear to confirm preliminary conclusions from the
combustion tests that the iodine-impregnated activated carbon is an effective sorbent for the elemental
mercury. Because of the conversion of oxidized to elemental mercury, no conclusion could be made for
the lignite-based activated carbon tests. For future bench-scale tests, the filter holder and all other
exposed stainless steel tubes, fittings, and connections will be coated with teflon.

3.3 Combustion Tests

The inlet sampling location was upstream from the sorbent injection port, which allowed combining
the inlet data for each coal. Average inlet mercury data for the Absaloka coal are shown in Figure 1 and
for the Blacksville coal in Figure 2. The total mercury measured by Method 29 includes mercury
retained on the filter, mercury collected in the peroxide impingers (considered to be oxidized mercury),
and the m_rcury collected in the permanganate impingers (considered to be elemental mercury). Total
inlet mercury concentrations for each coal were fairly constant from test to test as indicated by the error
bars, which represent plus or minus one standard deviation.

For the Absaloka coal, a significant amount of mercury was retained on the filter, ranging from 80%
at 125°C to 26% at 200°C. The filter temperature of the Method 29 train was adjusted to the same
temperature as the baghouse for each test. In general, the amount of mercury retained by the
particulate matter on the inlet sampling filter was consistent with the mercury retained in the baghouse
hopper ash for the tests without sorbent Injection. This is not surprising, since both were _t the same
temperature and both the sampling filter and baghouse are good gas-solid contactors. The fact that the
same approximate concentrations show up in the inlet filter and baghouse hopper ash is an indication
that the analyses are correct.

From Figures 1 and 2, significant differences are apparent between the mercury speciation for the
two coals. Oxidized mercury for the Absaloka tests was less than 1 pg/m 3,while it ranged from 3.7 to
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5.4,ug/m 3for the bituminous coal. Elemental mercury was less than 0.5 ,ug/m _and did not appear to
be temperature-dependent for the Blacksville tests; it ranged from 0.8 to 3.7 pg/m _for the Absaloka
coal, increasing significantly with temperature. For both coals, the filter mercury decreased with
increasing temperature, but the fraction o1'the total mercury retained on the filter was.much lower with
the Blacksville coal. One factor thought to influence the amount of mercury retained in fly ash is the
loss on Ignition (LOI), which indicates the amount of unburned carbon in the ash. Higher LOI is
expected to result in higher mercury retention, because the unburned carbon may behave similarly to
carbon-based sorbents. However, these results seem to contradict that suggestion in that the fly ash
LOI was low for the baseline Absaloka tests (0.4%-0.7%) and high for the baseline Blacksville tests
(4%-13%). LOi may influence the amount of retained mercury for a given coal, but, evidently, other
factors may override the LOI effect when various coals are compared. The results also appear to refute
the common observation that oxidized mercury is more readily retained on the fly ash, since greater
mercury retention was observed with the Absaloka coal, which had the lower oxidized mercury level.
However, the form of mercury retained by the filter or baghouse is not known; Method 29 provides
speciation information for the vapor-phase mercury only.

The data indicate a difference in mercury retention by the fly ash that is related to coal type, but the
cause is not clear. Since the Absaloka coal is very low in chlorine, perhaps other mercury species such
as mercury(ll) oxide (HgO) could form. HgO has a much lower vapor pressure than HgCI2or elemental
mercury and might be more readily retained by the ash at a higher temperature. Another possibility is
that, even though the LOI of the fly ash was low for the Absaloka runs, enough unburned carbon of a
type that is a good mercury sorbent may be available in the fly ash to retain mercury. Why this might
occur for the Absaloka tests and not the Blacksville tests is not clear. A third explanation is that some
other species, such as high surface area calcium or magnesium compounds, are present in the
Absaloka fly ash to enhance mercury retention. Thes_ species might not form with the Blacksville coal,
which is much lower in calcium and magnesium.

Baseline tests without sorbent addition and tests in which lignite-based activated carbon and iodine-
impregnated activated carbon were injected just upstream of the baghouse were conducted with the
pilot combustion system. Most tests were completed over a continuous two-day period and included
four pairs of simultaneous inlet-outlet Method 29 measurements. The mercury removal result,, for the
Absaloka and Blacksville tests are shown in Figures 3 and 4. Values reported are based on the total
inlet and total outlet mercury concentration. The error bars shown represent plus or minus one standard
deviation. Total mercury for both inlet and outlet included filter mercury, oxidized mercury, and
elemental mercury. However, the baghouse particulate collection efficiency was typically about 99.99%,
so very little fly ash was collected on the outlet sampling filter. In all cases, any mercury collected on
the outlet filter was below detection limits, so the total measured outlet mercury consisted only of vapor-
phase oxidized and elemental mercury.

For the Absaloka baseline tests, the total mercury removal across the baghouse was highly
temperature-dependent, ranging from 80% at 125°C to 30% at 200°C. Note that the baseline mercury
removal across the baghouse is in good agreement with the inlet mercury retained on the sampling filter,
even though they are based on independent measurements. With the Blacksville coal, baseline mercury
removal was much lower, ranging from 30% at 120°C to 3% at 175°C.

Lignite-based activated carbon was injected into the flue gas at sorbent-to-mercury mass ratios of
approximately 3000:1 and 9400:1, and the iodine-impregnated activated carbon was injected at a ratio of
1000:1. Preliminary screening tests indicated that a ratio of 1000:1 for the lignite-based carbon did not
provide significant control, so the ratio was increased to 3000:1. Preliminary tests indicated that a ratio
of 1000:1 with the iodine-impregnated carbon provided adequate mercury control, so the ratio was not
increased in subsequent tests. From Figure 3, data indicate the Absaloka tests the lignite-based
activated carbon provided some improvement in mercury capture over the baseline condition. However,
the lignite-based carbon removed only about half of the remaining mercury that was not removed
naturally. If there were little natural mercury removal, the lignite-based activated carbon may not provide
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any better than 50% control at these temperatures and this add rate. The iodine-impregnated activated
carbon provided much better control and was effective at both 150° and 200°C. The outlet Method 29
data indicate that the iodine-impregnated carbon collected about 95% of the elemental mercury and 45%
of the oxidized mercury. This suggests that iodine-impregnated activated carbon is an effective mercury
sorbent when most of the mercury is in elemental form.

Results from the Blacksville tests, shown in Figure 4, indicate that lignite-based activated carbon will
provide good mercury control at 93°C (97%), but the mercury removal deteriorates significantly as the
temperature is increased. Increasing the sorbent-to-mercury mass ratio to 9400:1 had little impact on
the mercury collection efficiency. The iodine-impregnated carbon provided somewhat better control than
the lignite-based carbon at 125°C, but little mercury removal was observed at 175°C. These results
differ from the iodine-impregnated carbon results with the Absaloka coal that showed excellent mercury
removal in the range from 150° to 200°C. However, the results can be explained by considering the
inlet mercury speciation. The vapor-phase mercury with Absaloka coal was predominately elemental,
while very little of the vapor-phase mercury with Blacksville coal was elemental. The Method 29 outlet
measurements indicate that the iodine-impregnated activated carbon removed almost all of the elemental
mercury at both temperatures for the Blacksville tests, but, since the amount of elemental mercury was
small, the effect on total mercury removal was minimal. The iodine-impregnated activated carbon was
somewhat effective at removing oxidized mercury species at 125°C, while very little oxidized mercury
removal was seen at 175°C. Therefore, data indicate that the ability of the iodine-impregnated activated
carbon to capture oxidized mercury is highly temperature-dependent, but the ability to capture elemental
mercury species is less temperature-dependent (at least within the temperature range examined). To
achieve a higher overall mercury vapor removal when a significant portion of the mercury is in oxidized
form, higher sorbent feed rates and/or a lower temperature are needed. The mercury removal data at
175°C with the Blacksville coal are of concern because neither the lignite-based nor iodine-impregnated
activated carbons provided effective mercury control when most of the mercury was in oxidized form.
Whether improved mercury control can be achieved at 175°C by substantially increasing the sorbent
addition ra{es is unknown.

4.0 PRELIMINARY CONCLUSIONS

• Method 29 appears to adequately speciate between HgCI2and elemental mercury.

• Stainlesssteelappearsto convert HgCI2to elementalmercury in bench-scaletests using
simulatedflue gas at the temperaturestested.

• Inlet mercury speciationfor the Absalokasubbituminousand Blacksvillebituminouscoals was
significantlydifferent.

• With the subbituminouscoal,significantamountsof mercury were retainedby the particulate
matter collectedon the inlet samplingfilter and the baghousehopper ash at lower
temperatures.

• Lessmercury was retainedin the baghousehopperash withthe bituminouscoal eventhough
the oxidizedmercuryand LOI were much higher.

• Iodine-impregnatedactivatedcarbon providedeffectivemercury controlat 150° and 200°C with
the subbituminouscoal.

• Iodine-impregnatedactivatedcarbonwas highlyeffectiveat removingelementalmercuryfor
both coals.
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• Iodine-impregnated activated carbon provided some removal of oxidized mercury at lower
temperatures.

• Lignite-based activated carbon provided some mercury control at lower temperatures.
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MEASUREMENT OF MERCURY AND OTHER TRACE METALS IN COMBUSTION

GASES USING ACTIVE NITROGEN ENERGY TRANSFER (ANET)
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ABSTRACT

We describe an innovative technique to detect mercury at sub part-per-billion levels. Our approach exploits
active nitrogen energy-transfer (ANET) excitation of atomic fluorescence. ANET excitation populates only one
emission line of mercury at 253.7 nm. This means that the ANET spectrum can be analyzed with instrumenta-
tion of modest resolution.

We use dielectric-barrier (D-B) discharge technology to generate the active nitrogen. This approach affords

atmospheric-pressure operation, can excite fluorescence in gaseous, particulate, and aqueous sample matrices,
and is amenable to field operation because the discharge and associated electronics can be powered by 12V
batteries.

This paper describes the results of a laboratory investigation that demonstrates detection of elemental

mercury both in the gas phase and on particulates. In addition we show that mercuric chloride can be detected
sensitively and can be differentiated from elemental mercury. Our results indicate sensitivity limits below
100 parts per trillion in the presence of simulated flue gas.

1. INTRODUCTION

Mercury is the most significant toxic heavy-metal effluent from coal-burning power plants. Because power
plants typically burn more than 1,000 tons of coal each day, even small concentrations of mercury in the coal,
on the order of 0.1 to 1 parts per million by weight (ppmw), could result in the introduction of more than a ton

of mercury into the environment each year unless the mercury is scrubbed from the exhaust stack. Verifying
the effectiveness of the scrubbing process requires on-line, real-time monitoring of mercury concentrations in
the power plant exhaust.

We are in the process of developing a compact, portable instrument that will allow real-time, in situ
monitoring of mercury levels in power plant flue gases. Our instrument will indicate whether or not clean-up

technologies are successful at reducing mercury emissions below regulated levels, and will provide feedback to
allow changes in operating conditions, if necessary, to bring emissions back into environmental compliance.

Our technique, discussed in more detail below, is to excite mercury fluorescence at 253.7 nm by the
technique of active nitrogen energy transfer (ANET). The active nitrogen is made in a dielectric-barrier (D-B)
discharge operating in nitrogen at atmospheric pressure. Only the one line of mercury is excited, so spectral
resolution requirements are greatly simplified over those of other spectroscopic techniques. The dielectric-

barrier discharge is quite compact, 1 to 2 cm in diameter and 1 to 10 cm long. Furthermore, the discharge
power requirements are quite modest, so that the unit can be powered by batteries. Thus an instrument based

on ANET can readily be made portable. Finally, ANET has the ability to differentiate free mercury from

HgCI2 by exciting emission from HgCI around 540 nm.
This paper reports preliminary results from our study of the excitation of Hg in a D-B discharge in N2 at

atmospheric pressure. We have determined the overall sensitivity of Hg detection in the presence of gas whose
composition is representative of that found in flue gas in coal-burning power plants. In addition, we demon-
strate that ANET can be used to differentiate between elemental mercury and mercuric chloride, a,ld that ANET
can detect the presence of mercury on particulates.

2. BACKGROUND MATERIAL

2.1 Active Nitrogen Energy. Transfer (ANET)
From the beginning of this century, scientists have observed characteristic emissions from atoms and free

radicals when atomic and molecular species were added to active nitrogen. A rich literature exists detailing the
chemical reactions mad energy-transfer processes that occur to excite these emissions. 1-4 Basically, metastable
nitrogen molecules in the active nitrogen transfer their energy to the various acceptor species. These acceptor
species then fluoresce at wavelengths characteristic of the acceptor. Generally metastable nitrogen excites only
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a small number of states of the acceptor species so that the ANET-induced fluorescence is relatively simple and
uncomplicated. Most metastable nitrogen energy transfer processes are quite efficient, generally occurring at
rates on the order of one-tenth gas kinetic or greater.5 As a result ANET fluorescence can be quite strong.

Most studies on processes occurring in active nitrogen relied upon the recombination of nitrogen atoms at
relatively low pressures to generate the metastable nitrogen molecules. For analytical applications, this
approach has the disadvantage that considerable power is required to dissociate atomic nitrogen. In addition,
because these systems operate at pressures on the order of 1 to 10 Torr, a vacuum system is required.

We conceived and began developing ANET as an alternative to active nitrogen analytical techniques relying
on atomic-nitrogen recombination as the active nitrogen source. Our approach is to generate the metastables in a
dielectric-barrier discharge operating at atmospheric pressure and total power less than 2 Watts. Thus, our
system requires neither a large power source nor a vacuum system. In addition, our observations indicate that
the overall metastable number densities generated in the dielectric-barrier discharge are several orders of
magnitude larger than those in the atom-recombination system, which means that ANET has the potential to be
several orders of magnitude more sensitive.

2.2 Dielectric-Barrier Discharge Technology
A diel_tric-barrier discharge is a high voltage a.c. discharge between two electrodes, at least one of which

is separated from the discharge region by a dielectric barrier (insulator) such as glass6,7 (see Fig. 1). A typical
discharge will run at voltages between 3 and 30 kV at frequencies from line frequency to 100 kHz. Gas
pressures are typically an atmosphere and gap spacings are on the order of a few millimeters. In its simplest
form, the discharge can be powered by attaching the electrodes to the output of a high voltage, step-up
transfo,,mer, such as a neon-sign transformer, plugged into a variac.

The dielectric-barrier discharge is often referred to as an ozonizer discharge because it is the discharge used
in efficient commercial ozone generators. It is not a single discharge in the sense of a continuous arc or glow
discharge, but rather a dense collection of microdischarges between the dielectric and the other electrode.
These microdischarges consist of short duration (typically 10 to 100 ns) current pulses (100 to 1000 A cm"2)
localized in roughly cylindrical filaments, typically 100 #m in radius. Although the current densities in the
microdischarges are quite large, the overall power consumption of a typical dielectric-barrier discharge _s
relatively modest. Often the total current drain will be only a few milliamps, resulting in an overall power
consumption on the order of 10 Watts.

The mean electron energy in the microdischarge is on the order of 1 to 10 eV and can be varied by
changing the gas pressure and interelectrode gap spacing. Thus one can tune the electron energy of the
discharge to selectively enhance the excitation of one species over another. At any given instant in time, the
microdischarges are distributed uniformly across the face of the dielectric. This uniformity provides a relatively
stable excitation throughout the discharge volume.

The energy in a typical microdischarge, 10 kV, 300 A cm"2, 10 ns duration, and 100 #m radius, is about
10 td. This is more than enough energy to vaporize small particles in the discharge region if a microdischarge
terminates on them. The minimum energy required to vaporize a dust particle will be equal to the heat
necessary to raise the particle temperature to its vaporization point plus the particle's the latent heat of

vaporization. For a particle of SiO2, the total energy required to achieve complete vaporization will be about
600 kJ mole"1. Thus for a typical particle of size l#m radius and density of about 2.5 gcm "3, we calculate that
the energy required for complete vaporization is about 0.2 td, much less than the energy of a single micro-
discharge. The resultant vapor can then interact with the active nitrogen and induce it to fluoresce.

2.3 The Chemistry and Physics of ANET
Dielectric-barrier discharges in pure nitrogen have been shown to be efficient sources of metastable

N2(A3IIu+) 8"10, even at pressures of one atmosphere, thus providing the active nitrogen source necessary to the
selective anaiyte excitation of ANET. If the anaiyte species is free mercury, the excitation occurs directly.

When molecular species are added to the discharge region, the N2(A) generally reacts with the molecule,
producing molecular fragments, which it subsequently excites. For example, HgC12is dissociated to HgCI
whose emission is readily observed near 540 nm.

The chemical processes responsible for exciting fluorescence from Hg in a dielectric-barrier discharge are
summarized by the following reactions:
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NN_+ e" -,. N2* + e" (1)* + N2 -* N_ + N2 (2)
N2* + Hg --,, Hf,* + N2(X) (3)
H_,* _ Hg + hv (wavelength = 253.7 nm) (4)
Hg* + N2 ---," Hg + N2 (5)
ng * + Q --, Hg + Q' (6)
N2* + Q _ N2 + Q', (7)

where, Q represents a species in the discharge that quenches electronic energy in either the N2* or the
electronically excited mercury.

Although the dielectric-barrier discharge is a pulsed discharge, one can treat it as if it were a continuous
discharge if observations are averaged over a number of discharge cycles. Then, because of their short
radiative and quenching lifetimes, the excited species in the discharge region are effectively in steady state and
we can write

IHg. ----k4tHg*] - k3[ngl[N2*l/(1 + (k5/k4)[N21 + (k6/k4)[Ql). (8)

Equation (8) shows that for constant metastable number density and total pressure, the fluorescence
intensity will be linearly proportional to the additive number density, provided the number densities of any
potential quenchers remain constant. This generally will be the case. The linearity of active-nitrogen excited
fluorescence intensity with analyte number density has been demonstrated experimentally to cover four to five
orders of magnitude for a number of species.

The exciting species in active nitrogen generally is considered to be N2(A 3Eu+ ), although other nitrogen
metastables can also contribute. N2(A) carries about 6 eV of internal energy. Based on the reaction scheme
above, its steady state number density is given by

[N2*I --- kl[e'l[N21/(k2[N 2] + k3[Hgl + kTIQl). (9)

The radiative lifetime I1 of N2(A) is about 2.5s. Thus, the primary mechanism for its deactivation will be
quenching rather than radiative decay.

Quenching of either the mercury fluorescence or the nitrogen metastables can be an issue affecting the

sensitivity of ANET. Although rate coefficients for quenching mercury 253.7 nm emission and N2(A 3I;u+ )
are known for a number of important species5,12"14, we prefer to determine the effects of quenching in situ to
ensure that unexpected processes do not complicate our analysis. We have made a number of observations
related to metastable nitrogen quenching in the D-B discharge15, and have obtained results consistent with more

direct quenching measurements. Mercury fluorescence quenching, in the presence of oxygen, is more complex
than the simple model shown above. However, but as we show below, it does not seriously compromise the
overall sensitivity of the ANET technique.

3, EXPERIMENTAL

The bulk of our experiments, were done in the laboratory to demonstrate feasibility of using ANET for
mercury detection. This effort used the apparatusshown schematically in Fig.2. It consists of a dielectric-
barrierdischarge lamp, power source, optical multichannel analyzer, and gas handling lines.

We have constructed lamps in both planar and annular geometries16 using a variety of dielectrics, including
Pyrex, quartz, alumina, and sapphire. Most of our experiments used models similar to that shown schematically
in Fig. 1 above. It is fabricatedfrom a single piece of quartz having a 12 mm o.d. body with an axial
protrusion inside the 12 mm tube. We used several lamps with various protrusion diameters ranging from 3 to
8 nun o.d. The end opposite the protrusion is sealed with a quartz window. Gas enters the lamp through a side
armsituated at the end of the lamp nearest the window and exits through another side arm at the opposite end of
the lamp body. The general flow of gas away from the window helps maintain a cleaner environment in the
discharge region and keeps the window free from the build up of contamination.

The lamp has an annulardischarge region. The outer electrode is formedby wrapping copper-foil tape
aroundthe outside of the lamp body. The inner electrode is formed by painting the inside of the axial
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protrusion with a layer of conductive material such as graphite, nickel or silver. A wire, wrapped loosely with
copper turnings to contact the conductive inner surface, is inserted into the protrusion and is connected to the
power supply. This configuration provides a clean discharge region since all surfaces are quartz.

Our power source was the output of a 15 kV neon sign transformer with a center-tap-gr.ounded secondary
winding. The voltage to the primary is controlled by a variac operating off standard 60 Hz ac power. For a
few measurements we connected the electrodes to the secondary of an automotive ignition coil which was
powered with 12 V square-wave pulses at frequencies between 45 Hz and 3 kHz. This power source has great
potential because it lends itself to battery operation. 16

Elemental mercury or mercuric chloride powder was placed in a cold finger immersed in a bath that was
thermostated for vapor pressure control. A small flow of nitrogen through the cold finger transported the
sample vapor into the discharge region. The concentration of the analyte in the discharge region was equal the
product of the compound's vapor pressure in the cold trmgerand the dilution factor between the N2 flow through
the cold finger and that through the D-B lamp as a whole. Because elemental mercury is so readily detected by
ANET, the temperature of the thermostated bath was kept quite cold. In many experiments we used a CHCI3
slush bath to maintain a temperatureof -63 °C. At this temperature, the vapor pressure of mercury is about 2 x
10.8 Ton'. Slightly warmer temperatureswere achieved by making slush baths from mixtures of water and
methanol. The bath temperatures were measured with a thermocouple or thermometer.

We found it was important to use Teflon® fittings and tubing in the gas-handling lines exposed to mercury.
Mercury has a tendency to permeate most materials including polyethylene, polypropylene, and stainless steel.
If these materials are used, they will soak up mercury, and subsequently release it into the gas stream. It then
becomes nearly impossible to avoid detecting mercury, even when none is intentionally added to the discharge
region. In addition, we found that we could maintain a cleaner discharge region when we switched from a
Pyrex° lamp to one made from fused quartz.

We used an optical multichannel analyzer (OMA) to detect the fluorescence excited in these experiments.
The discharge lamp was placed about 1.5 cm in front of the entrance slit of a 0.32 m monochromator. We
generally used a 2400 groove mm"1 grating, although a few experimentsused gratings with 300 grooves mm"1
and 1200 groove mm". Dispersed emission spectra were recordedby a Princeton Instruments ST210 Optical
Multicharmel Analyzer (OMA) system with an intensified linear diode array. The lamp was sufficiently bright,
that relatively high resolution spectra (AX--0.1 rim)could be accumulated with good signal to noise in only 10
seconds. In some instances longer accumulation times were used. Data were stored in a computer for later
analysis.

4. RESULTS
4. I Detection of Elemental Mercury

Figure 3 shows the spectral region in the vicinity of the Hg 253.7 nm emission line. The mercury line is
prominent in the spectrum, and is surrounded, but well separated from, several bands of the NO(A 2E+ -- X 2II)
system. These bands are also excited by energy transfer from metastable nitrogen22. The NO is formed in the
discharge in reactions involving traces of oxygen in the nitrogen.

Figure 4 shows how the intensity of the mercury emission varies as a function of the concentration of
mercury added to the discharge region. The abscissa refers to concentration in terms of parts per trillion on a
volume basis in the discharge region. These data can be used to estimate the sensitivity of the ANET technique.
Conditions for these measurements were simplified, only Hg and N2 were in the lamp. The line through the

data points indicates the best linear least-squares fit to the data. The slope of the line is about 1 x 107counts
ppb". Since a signal of 50 counts is readily observable, we determine a minimum detectability of 5 x 10 -6 ppb
under ideal conditions.

In a practical situation, one is not likely to be able to take samples from a pure nitrogen environment.
Thus it becomes important to determine the effects of added species that are likely to accompany the sample. If
these species quench the mercury fluorescence, then the sensitivity of ANET will be reduced. To learn about
this, we monitored the mercury signal from the D-B lamp as a simulated-flue gas was added to the discharge.
We made the simulated-flue gas by flowing a mixture of 5% CO2, 10% O2, 85% N2 through a cell containing
water at ambient conditions. The final mixture thus contained about 3% H20.
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Figure 5 shows the results of adding the simulated-flue gas to a D-B lamp containing a trace of Hg. The
Hg signal intensity is plotted in Stern-Voimer fashion, i.e. the reciprocal of the expression in Eq. 8. Such a
plot should then be linear in concentration of added quencher if all other conditions remain constant. As can be

seen, the added simulated flue gas is quite efficient at quenching the mercury radiation. The half-quenching
mole fraction is the added mole fraction of quencher that reduces the signal level by a factor of 2. It can be
computed from the ratio of the intercept in the plot in Fig. 5 to the plot's slope. That value is 1.5 x 104.

The results from Figs. 4 and 5 can be combined to determine an effective sensitivity for detecting mercury
in the flue gas. That number will be twice the minimum detectable level under ideal conditions divided by the
half-quenching mole fraction. We calculate a value of 0.07 ppb. That means that w_ will be able to detect
mercury levels as low as 0.07 ppb in the flue gas even though the sample size is quite small (i.e. about 0.01%

of the total gas in the lamp), and in spite of the fact that the flue gas is relatively efficient at quenching the
mercury emission.

4.2 Detection of Mercuric Chloride
Adding traces of gaseous mercuric chloride to a D.B discharge in nitrogen results in emission of

HgCI(B2X; + -- X 2E+), as shown in Fig. 6. The trap containing the HgCI 2 was at room temperature, so it's

partial pressure in the reagent feed was only 1.3 x 10:4 Torr. Thus, the HgCI 2 in the lamp is at sub ppm
levels. None-the-less, the spectrum is quite strong and readily assigned. An interesting feature in the spectrum
is that one can distinguish emission from Hg37CI as well as Hg35Cl. Thus in this instance, at least, the ANET

approach can be used to quantitate isotopic ratios. Preliminary estimates of our system's sensitivity for HgCI 2
detection are in the ppb range.

4.3 Detection of Mercury on Particulates

In our discussion above on the properties of the microdischarges in the D-B discharge, we suggested that
the D-B discharge might be able to be used to detect contaminants on particulates such as fly ash or cement.
We are currently investigating this possibility. Ultimately two issues need to be addressed. The first is to
determine whether or not small concentrations of fine dust particles affect significantly the operation of the

dielectric-barrier discharge being used in the ANET process. The second is whether hazardous species adsorbed
on the dust particles can be vaporized and subsequently detected in the D-B discharge. Although we have not
yet investigated these issues in detail, we were able to demonstrate qualitatively that mercury can indeed be
detected on dust particles.

For this test, we used a simulated-cement dust that we spiked by adding a few drops of an aqueous mercury
solution to 1-2 g of the dust. The powders used to make the particulate sample were chosen to have the finest

possible particle size, generally 10 _m or less. We took spectra of the D-B lamp in the absence of any added
dust, and again after we had placed some of the dust sample in one of the gas lines conducting the nitrogen to
the D-B lamp. Figure 7 illustrates the results of that test. The spectrum displayed is the difference between
two spectra, one taken before the dust was added to the gas feed line subtracted from one taken after dust was

added to the feed line. Clearly, the only spectral feature of any significance is the 253.7 nm emission from

atomic mercury, thus demonstrating clearly that ANET can be used to detect mercury adhering to particulate
samples.

5. CONCLUSIONS

Our results indicate that ANET is a very sensitive technique for monitoring mercury, both free mercury and
that tied up with chlorine. Our approach requires no special sample preparation and can operate continuously.
In spite of the fluorescence quenching we have observed, the overall sensitivity is well below ppb levels. Thus
ANET should prove quite suitable for use as an on-line monitor of mercury levels in flue gases.
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Background

Stationary sources in the U.S. emit about I million kg of mercury into the atmosphere
annually. Major sources of these emissions are fossil fuel combustion facilities and municipal
solid waste incinerators. Much work is being done by DOE and industry to characterize these
emissions and to develop effective control measures. Continuous emissions monitors (CEMs)
for mercury will play a significant role in quickly advancing the level of understanding and
control of mercury emissions. Unfortunately, existing CEMs are capable of measuring only
the elemental form of mercury, and do not account for speciated mercury compounds.

It is important to understand the nature of mercury emissions for several reasons: i)
different species will require control by different means, and 2) continuous measurement
techniques need to account for all mercury species. Determining mercury species emitted
from stationary sources has been the subject of much recent work. For example, some
researchers believe that the following mercury-containing compounds are found in flue gas
generated from the combustion of coal: elemental mercury (Hg°); mercuric chloride (HgC12);
methyl mercuric chloride (CH3HgCI); and mercuric oxide (HgO). However, since there is
currently no reliable test methods for determining the chemical speciation of mercury as these
emissions exit a stationary source stack, the specific quantities and forms of mercury from a
given source are not well known (Mcllvaine, 1992; Huang, et al., 1991).

Current standard testing techniques rely on manual "grab samples" where flue gas is
drawn through filters and traps to collect mercury. The collected samples need to be analyzed
in a chemistry laboratory using complex techniques and instrumentation. These field sampling
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and analytical techniques are cumbersome, labor intensive, and expensive. A 1-week
comprehensive sampling program can cost in the range of $25,000-$50,000.

In response to the need for performing these measurements in real-time, ADA
Technologies is developing an analyzer that will be capable of measuring total mercury,
elemental mercury, and (by difference) total speciated mercury. Several key analyzer
components were ,'valuated during a Phase I SBIR program. Results show that speciated
mercury can be converted to elemental mercury using a proprietary conversion technique, and
elemental mercury can be measured at concentrations below 1 lag/m 3 (less than 0.1 ppb v/v).
Figure 1 shows how the analyzer r,_iil be used to measure mercury levels upstream and
downstream of control devices.

' ' /-] Elemental Hg

Hg° / .._ .,/leas_ement
HgO ..=

Flue APCD HgCl2 "- v

oas lCH 3Hg CI converter Analyzer,,

Figure 1. Monitoring mercury concentrations in flue gas.

Approach

The primary objective of the program is to develop a commercial analyzer capable of
continuously monitoring concentrations of total, elemental, and speciated mercury in flue gas.
The approach used during Phase I was to evaluate a technique for converting speciated forms
of mercury to elemental mercury, and to provide specifications for integrating the converter
with a mercury CEM. Total mercury is measured by passing the flue gas sample through the
converter. Elemental mercury concentrations are measured by the CEM when the flue gas
sample bypasses the pre-conditioning converter. Total speciated mercury is then determined as
the difference between the measured total mercury concentration and the elemental mercury
concentration.
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Phase I testing was performed in a laboratory experimental program, involving the
generation of quantitative amounts of elemental and several speciated mercury compounds. A
technique was investigated for converting the speciated forms of mercury to the elemental
form. The effectiveness of the conversion process was determined using a real-time elemental
mercury analyzer.

Experimental

Figure 2 shows the laboratory apparatus used during the program. A gas matrix was
generated from certified compressed gases. For a majority of the early screening tests,
compressed air was used. Later tests were performed using typical flue gas constituents.

Mercury Sources
\

N 2 Converter (_
/Mass Flow Hurnidifier

Controllers tE_,o °E_[°

0 2 _"_ MercuryAnalyzer

!-I (_ BypassCO2
LJ

Makeup Gases

Figure 2, Schematic diagram of laboratory test rlxture.

Three mercury sources were used during the testing: 1) elemental mercury, 2) dimethyl
mercury, and 3) mercuric chloride. Permeation tubes were used to generate elemental
mercury and dimethyl mercury vapor, A diffusion vial was fabricated to generate mercuric
chloride vapor. These sources w_.-re calibrated by periodically weighing them using an
analytical balance. Constant permeation rates were obtained after a suitable stabilization
period. Dimethyl mercury was selected as a surrogate for organo-mercury species, and
mercuric chloride was used as a surrogate for ionic mercury species. It is widely believed that
elemental mercury and mercuric chloride are the two most predominant species in flue gases
generated from coal combustion.

The flow rate of the test gas was approximately 1 lpm. The concentration of the
mercury sources ranged from 4.5 lag/m 3 to 50 pg/m 3 (0.7 ppb to 9 ppb v/v). Different
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converter parameters were evaluated to determine optimum operating conditions (as gauged by
quantitative mercury species conversion rates). In addition, several mercury detection systems
were tested to determine capabilities.

Three elemental mercury detection methods were evaluated during the program. All
operate on the principle of ultraviolet (UV) radiation absorption. Elemental mercury absorbs
UV at a wavelength of 253.7 nm, and the amount of radiation absorbed is proportional to the
concentration of elemental mercury. The goal of evaluating different mercury detectors was to
define a design that is capable of providing the desired level of sensitivity for the
measurements. The target for the detector was to be capable of measuring mercury
concentrations down to 1 _tg/m3 (approximately 0.1 ppb v/v).

Results

Converter. An optimum converter design was established based on the testing. An
elemental mercury analyzer was used to determine whether mercuric chloride and dimethyl
mercury were being converted to elemental mercury. Tests showed that these two species
would not produce a signal in the analyzer if they were input without first passing through the
converter. Figures 3 and 4 show analyzer response when these compounds were passed
through the converter. The test sequence followed the pattern of placing the mercury species
through the converter, then the bypass valve was actuated to circumvent the converter. This
sequence was followed for a number of cycles to establish the fact that the mercury compounds
were being converted to elemental mercury.

Through Converter

33 l g/m 3
(5 ppb)

Analyzer r
Response

"L
1 ! ! i

Time

Figure 3. Results of mercuric chloride being converted to elemental mercury.
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....

65 pg/m3
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AnalyzerResponse

Bypass Converter S ' '
Time

Figure 4. Results of dimethyl mercury being converted to elemental mercury.

Mercury Detector. An early goal of the program was to establish the capability of
measuring mercury at a level of 1 _tg/m3 (approx. 0.1 ppb v/v). Three different UV
absorption spectrometer configurations were evaluated to determine which was most suitable
for providing this capability. One spectrometer, based on a unique source modulation
technique, showed excellent rejection of interferences and an extremely low limit of detection.

Figure 5 shows the anal),zer response when elemental mercury was introduced at a
concentration of 4.2 _tg/m_ (0.7 ppb v/v). Also shown is the signal when zero gas was
introduced into the analyzer. Based on the peak-to-peak noise level observed, a minimum
level of detection (defined as 2x noise level) of 0.2 I.tg/m3 (27 ppt v/v).

The response of the analyzer was also determined over a range of elemental mercury
concentrations as shown in Figure 6. The response of the analyzer is linear between the
concentration range tested (0 to 6 ppb v/v). This range is expected to cover most
concentrations expected in coal-fired flue gases.

Future Plans

Based on the successful results of the Phase I effort, ADA has recommended the
continuation of the work in a Phase II program. During Phase II, a prototype CEM system
will be fabricated and field demon,:trated at a number of sites. A commercialization partner
will participate throughout the program in key tasks relative to introducing a reliable
commercial product at the end of the two-year project.

333



4.2 l_g/m3(0.7 ppb)
f,

Mercury
Concentration

LOD = 2 x Noise
= 0.2 i_g/m3

(27 ppt)/ __g/m 3
i I l I

Time

Figure 5. Test to determineminimumlevel of detectionof the mercury detector.
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Conclusions

Following are conclusions based on the results of the program to date:

• Mercuric chloride and dimethyl mercury are quantitatively converted to
elemental mercury using a conversion technique.

• Once converted, these compounds can be measured using a UV absorption
spectrometer.

• The minimum level of detection of the mercury detector is 0.2 _tg/m3 (27 ppt
v/v).
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