
PPRP-121

Mercury Speciation Measurements
in the Fluegas and Plume

of Two Maryland Combustion Sources:
Montgomery County Resource Recovery Facility (RRF) and

PEPCO Dickerson Generating Station (DGS)

August 2000



Mercury Speciation Measurements
in the Fluegas and Plume

of Two Maryland Combustion Sources:
Montgomery County Resource Recovery Facility (RRF) and

PEPCO Dickerson Generating Station (DGS)

Prepared under the direction of:

Dr. John Sherwell
Maryland Power Plant Research Program

Annapolis, Maryland

Prepared by:

Frontier Geosciences Inc.
Eric Prestbo, Julie Calhoun, Robert Brunette and Marc Palidini

Seattle, Washington



ACKNOWLEDGEMENTS

The report was prepared by Frontier Geosciences Inc., under subcontract to Environmental
Resources Management, Inc. (ERM) for the Maryland Department of Natural Resources Power
Plant Research Program (PPRP).  The work was conducted under ERM’s Atmospheric Sciences
Integrator contract (PR95-053-001) with PPRP.  The report was prepared under the direction of
Dr. John Sherwell of PPRP.  Contributing authors are:  Eric Prestbo, Julie Calhoun, Robert
Brunette, and Marc Palidini of Frontier Geosciences Inc..

PPRP and the authors would like to thank the Potomac Electric Power Company (PEPCO) and
its staff at the Dickerson Generating Station; Montgomery County, Maryland and its staff at the
Montgomery County Resource Recovery Facility (RRF); and Ogden Martin Systems and its staff
at the RRF for their cooperation on and support for this study.



FOREWORD

The Maryland Power Plant Research Program funded this study and preparation of this report in
recognition of the increased concern in recent years over mercury (Hg) emissions attributable
primarily to combustion sources.  In this study, PPRP uses a state-of-the-art, in-stack Hg
sampling technique to begin to determine the influence that two known contributors to Hg
emissions—coal-fired power plants and municipal incinerators—have on mercury levels in the
environment.  The study investigates the physical and chemical transformations of Hg in the
plumes of the two types of combustion sources to determine the species and volumes of Hg that
are being released from combustion source plumes.



ABSTRACT

In this study, the Maryland Power Plant Research Program used a state-of-the-art, in-stack
mercury (Hg) sampling technique (a static plume dilution chamber, SPDC) to investigate the
influence that two known Hg sources—coal-fired power plants and municipal incinerators—have
on mercury levels in the environment.  The study examines the physical and chemical
transformations of Hg in the plumes of the two types of combustion sources to determine the
species and volumes of Hg that are being released from combustion source plumes.  Two co-
located combustion sources in Montgomery County, Maryland were sampled for this project: a
coal-fired generating unit at the Dickerson Generating Station and waste-to-energy incinerator
unit at the Montgomery County Resource Recovery Facility (RRF).  The SPDC was used to
simulate a combustion plume under controlled field conditions to measure particulate Hg, gas
phase Hg0, Hg(II), and total Hg; dry deposited Hg; and dissolved and particulate phase Hg in
simulated rainwater (SRW).  The overall mass balance at both sources was within acceptable
limits for detailed interpretation; however, the limited number of SPDC runs make statistically
supported conclusions impossible; instead major trends and differences in SPDC variables are
discussed.

At the RRF, unexpectedly, there was a significant fraction of Hg(II) in the fluegas, instead of a
predominance of Hg0.  In all SPDC runs at the RRF, there was more reactive Hg (RHg) in the
SPDC than reactive gaseous Hg (RGHg) injected, and there was less Hg0 measured than Hg0

injected.  The trend in the RRF plume was conversion of Hg0 to Hg(II).  The RGHg injected into
the SPDC, or formed during aging, was quickly deposited to walls or washed out in the SRW.
SRW washout indicates most Hg is removed into the dissolved phase, not as particulate Hg,
suggesting efficient washout of gaseous Hg, not particulate Hg.

At Dickerson, there was less RHg observed than RGHg injected based on fluegas speciation;
there was also much more Hg0  measured than Hg0 injected.  These results may be partially
explained by a bias in the measurement of fluegas speciation; however, it is also likely that there
is some conversion of Hg(II) to Hg0 in the SPDC. Gas-phase Hg washout dominated; however,
removal of Hg by simulated rainwater was less effective than expected, as there was a significant
amount of dry deposited Hg after the SRW input.
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EXECUTIVE SUMMARY

Mercury (Hg) has been designated as one of the most persistent, bioaccumulative substances of
immediate concern in North America. Of the 188 hazardous air pollutants required for study by the 1990
Clean Air Act Amendments, only Hg was singled out for intense study.  The EPA recently submitted a
comprehensive report to Congress on Hg (“Mercury Study Report to Congress” EPA-452/R-97-003, Dec.
1997).  A North American Regional Action Plan (NARAP) for Hg will soon be completed by the
Commission on Environmental Cooperation (CEC – US, Canada and Mexico).  The concern about
mercury arises because it is a teratogen and neurotoxin.  Exposure to wildlife and humans is primarily
through the aquatic food chain where Hg bioaccumalates by up to factors of 106.  The fetus of pregnant
women with a high fish diet is at greatest risk for Hg exposure.  At this time, the primary source of Hg to
sensitive aquatic ecosystems is via atmospheric transport and deposition.

The EPA Hg Report states that “of the estimated 144 Megagrams of Hg emitted annually into the
atmosphere by anthropogenic sources in the United States, approximately 87% is from combustion point
sources and 10% from manufacturing point sources.”  According to EPA estimates, four specific source
categories account for approximately 80% of the total anthropogenic emissions: coal-fired utility boilers,
municipal waste combustion, commercial/industrial boilers, and medical waste incinerators.

The EPA Hg Report suggests that there is “…a plausible link between Hg emission from anthropogenic
combustion and industrial sources and Hg concentrations in air, soil, water and sediments.”  However,
they acknowledge that “…an apportionment between sources of Hg and Hg in environmental media and
biota cannot be described in quantitative terms with the current scientific understanding of the
environmental fate and transport of this pollutant.”  One reason that a quantitative linkage cannot be
made is due to the “lack of adequate Hg data near Hg sources.”  Mercury measurement data are needed to
assess how well the modeled data predict actual Hg concentrations in different environmental media at a
variety of geographic locations.  The development of atmospheric fate and transport models will require
comprehensive field investigations to determine the important atmospheric transformation pathways.
There are 3 North American atmospheric models that have quantified the link between combustion point
source Hg emissions and deposition to aquatic ecosystems.  However, because there are large
uncertainties in the speciation, chemistry, and overall fate of Hg from combustion point sources, an
apportionment between all source types and Hg in environmental media and biota cannot be described in
acceptable quantitative terms.  The main purpose of the study presented here was to begin to close the
data gap in the specific area of speciation, chemistry, and transformation of Hg species from combustion
point sources in Maryland.

Two combustion point sources were studied for this project.  The first site was the Montgomery County,
Maryland Resource Recovery Facility (RRF) located near Dickerson, Maryland.  The RRF is operated by
Ogden Martin Systems and is designed to burn municipal waste and generate electricity.  The second site
was Dickerson Generating Station (Dickerson) – a coal-fired power plant operated by Potomac Electric
Power Company (PEPCO).  Dickerson is also located along the Potomac River near Dickerson Maryland,
approximately 2 km north of the RRF.

While many researchers have been actively trying to measure the speciation of Hg in the fluegas duct, we
predict that direct measurements of Hg species in the flue gas duct will not accurately predict the Hg
species present in the plume of a point source.  The changes in variables from the flue to the plume such
as temperature, light, chemical oxidants, and condensed water are known to affect the speciation of Hg.
Therefore, the experiment described here was designed to investigate the physical and chemical
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transformations of Hg in a coal combustion plume.  Modelers, utilities and regulators can use the data
generated from this study.

A Static Plume Dilution Chamber (SPDC) was used to generate a combustion plume under controlled
conditions in the field. The Hg species which are measured during an SPDC plume simulation are: 1)
particulate Hg, 2) gas phase Hg0, Hg(II) and total Hg, 3) dry deposited Hg, and 4) simulated rainwater
dissolved and particulate phase Hg.  Figure 4.1 schematically depicts the SPDC method.  In effect, a
small amount of fluegas, with a known Hg speciation concentration, is accurately introduced into the
SPDC to react with ambient air and simulate plume conditions.  The SPDC acts as a large reaction
chamber to contain the simulated plume.  The ability to fix the dilution ratio, temperature, reaction time,
light and simulated rainwater can be used to investigate the behavior of Hg in a plume under a variety of
controlled atmospheric conditions.  The type and method for determining the apportionment of Hg
species within the SPDC are listed in Table 4.1. In order to characterize the fluegas used for SPDC plume
simulations, two methods were used.  First, the MESA method was used to measure the gas-phase Hg
species, Hg0 and Hg(II).  Second, USEPA Method 17 was used to collect total gaseous Hg and
isokinetically sampled particulate Hg (PHg).  Detection and quantification of Hg in all collected samples
was done by following the principles in EPA Method 1631, “Mercury in Water by Oxidation, Purge and
Trap, and cold vapor atomic fluorescence spectroscopy (CVAFS).  A large number and type of quality
control (QC) samples were also collected and analyzed (see Appendix A).  The laboratory and field QC
samples were used to determine SPDC Method control with respect to field blanks, precision, and
method detection limit for each Hg species measured.  A distinct advantage of the SPDC method is the
ability to calculate a mass balance for each experimental run.  This overall quality assurance (QA)
measure is illustrated graphically in Figures 7.4 and 8.3.

The results of each SPDC test run at the RRF and Dickerson are depicted in Figures 7.5 to 7.7 and 8.4 to
8.5, respectively.  The overall mass balance at both the RRF and Dickerson are within acceptable limits
to warrant detailed interpretation.  However, since there are only a limited number of SPDC runs, it is
impossible to make statistically supported conclusions. Instead, the best that can be done is to explain
major trends and differences with respect to changing SPDC variables.

At the RRF, one unexpected result was the observation of a significant fraction of Hg(II) in the fluegas
(Figure 7.1).  With the advanced air pollution control systems at the RRF, it was expected that the fluegas
would be predominantly Hg0.  In all the SPDC runs at the RRF, there was more reactive Hg (RHg)
observed in the SPDC than Reactive Gaseous Hg (RGHg) injected.  Furthermore, there was less Hg0

measured in the SPDC than Hg0 injected.  The trend in the RRF plume is conversion of Hg0 to Hg(II).
The RGHg injected into the SPDC, or formed during aging, is quickly dry deposited to the walls or
washed-out by the simulated rainwater (SRW) in the SPDC runs at the RRF.  SRW washout indicates
that most of the Hg is removed into the dissolved phase, not as particulate Hg, suggesting efficient
washout of gaseous Hg, not particulate Hg.  There is an overall large increase in PHg in the SPDC
compared to the amount of PHg injected, but it is less than expected based previous studies.

At Dickerson, there was less RHg observed in the SPDC than the amount of RGHg injected based on
fluegas speciation.  Also there was much more Hg0 measured in the SPDC than Hg0 injected.  It is
possible that these results can be partially explained by a bias in the measurement of fluegas speciation.
But it is also likely that there is some conversion of Hg(II) to Hg0 in the SPDC at Dickerson.  When SRW
is input, it ends up as predominantly dissolved Hg, not particulate Hg, thus gas phase Hg washout
dominates.  However, the removal of Hg by SRW is less effective than expected as there remains a
significant amount of dry deposited Hg after the SRW input.  There is a large increase in PHg in the
SPDC compared to the amount of PHg injected, but, it is less than expected, based on previous studies.
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BrCl = Bromine Monochloride (reagent used in analysis of Hg)
CEM = Continuous Emission Monitor (for flue gas monitoring)
CVAFS = Cold Vapor Atomic Fluorescence Spectroscopy
DDW = Double Deionized Water
DHg = Dissolved Mercury (used to describe Hg in SPDC wall rinses)
DSCM = Dry Standard Cubic Meters
EERC = Energy and Environmental Research Center (U. of N. Dakota)
EPRI = Electric Power Research Institute
ESP = Electrostatic Precipitator (flyash and particulate control device)
FGS = Frontier Geosciences
Flyash = Fraction of ash in combustion systems which exits the boiler into the flue
FMB = Field Matrix Blanks
Hg = Mercury
Hg0 = Elemental Mercury
Hg(II) = Inorganic Mercury in the plus 2 Oxidation State
ISO = Isokinetic
ISO-IC = Isokinetically collected Iodated Carbon Trap for fluegas Hg collection
Isokinetic = Sample airflow nozzle velocity equals stack gas airflow velocity
IX Membranes = Ion Exchange Membranes
l = Liters
LPM = Liters per Minute
m3 = Cubic Meters
MC = Mist Chamber
MDL = Method Detection Limit
MDNR = Maryland Department of Natural Resources
MESA = MErcury Speciation Adsorption Method
MFM = Mass Flow Meter
MMHg = Monomethyl Mercury
MW = Megawatt
MW = Municipal Waste
ng = nanograms
NOx = NO + NO2

OMS = Ogden Martin Systems (Operators of the Montgomery County RRF)
PEPCO = Potomac Electric Power Company
pg = picograms

PHg = Particulate Mercury
QA = Quality Assurance
QC = Quality Control
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QFF = Quartz Fiber Filter
RDF = Refuse Derived Fuel
RGHg = Reactive Gaseous Mercury
RHg = Reactive Mercury (used to describe all non-elemental Hg measured in the SPDC)
RPD = Relative Percent Difference (|a-b|/((a+b)/2)
RRF = Resource Recovery Facility (Montgomery County Municipal Waste Incinerator)
RSD = Relative Standard Deviation (often express as a percentage = SD/mean)
SCM = Standard Cubic Meters
SD = Standard Deviation
SnCl2 = Tin Chloride (reagent used in Hg analysis)
SOP = Standard Operating Procedure
SPDC = Static Plume Dilution Chamber
SRM = Standard Reference Material
SRW = Simulated Rain Water
STD = Standard Deviation
Std. Dev. = Standard Deviation
TGHg = Total Gaseous Mercury
THg = Total Mercury (Gas + Particulate Hg)
µg = micrograms
USEPA = United States Environmental Protection Agency
UV = Ultraviolet
UV-VIS = Ultraviolet and Visible



1

1. INTRODUCTION - BACKGROUND

Mercury (Hg) has been designated as one of the most persistent, bioaccumulative substances of
immediate concern in North America. Of the 188 hazardous air pollutants required for study by the 1990
Clean Air Act Amendments, only Hg was singled out for intense study.  The U.S. Environmental
Protection Agency (EPA) recently submitted a comprehensive report to Congress on Hg (EPA Hg
Report, 1997).  A North American Regional Action Plan (NARAP) for Hg will soon be completed by the
Commission on Environmental Cooperation (CEC – US, Canada and Mexico).  The Electric Power
Research Institute (EPRI) has also completed and extensive report on mercury cycling in the atmosphere,
aquatic food chain and human health exposure studies.  Mercury elicits both interest and concern because
of its known toxicity, mobility, bioaccumulation, atmospheric transport, and potential for new regulations
by state and federal agencies in North America (Fitzgerald and Clarkson, 1991; Porcella et al., 1995;
EPA Hg Report, 1997).  Exposure to wildlife and humans is primarily through the aquatic food chain
where Hg bioaccumulates by up to factors of 106.  The fetus of pregnant women with a high fish diet is at
greatest risk for Hg exposure.  It is widely believed that for remote aquatic ecosytems, where the Hg
concentration in fish is above regulatory limits, the primary source of Hg is via atmospheric transport and
deposition (Watras et al., 1994; Lindqvist, 1991).  The 1997 EPA Hg Report to Congress reports that of
the estimated 125.2 megagrams (Mg) of Hg emitted annually into the atmosphere by anthropogenic
sources in the United States, 46.9 Mg/yr and 26.9 Mg/yr are from electric utility coal combustion and
municipal waste incinerators respectively.

The EPA Hg Report suggests that there is “…a plausible link between Hg emission from anthropogenic
combustion and industrial sources and Hg concentrations in air, soil, water and sediments.”  However,
they acknowledge that “…an apportionment between sources of Hg and Hg in environmental media and
biota cannot be described in quantitative terms with the current scientific understanding of the
environmental fate and transport of this pollutant.”  One reason that a quantitative linkage cannot be
made is due to the “lack of adequate Hg data near Hg sources.”  Mercury measurement data are needed to
assess how well the modeled data predict actual Hg concentrations in different environmental media at a
variety of geographic locations. There are 3 North American atmospheric models that have quantified the
link between combustion point source Hg emissions and deposition to aquatic ecosystems. The further
development and improvement of atmospheric fate and transport models will require comprehensive field
investigations to determine the important atmospheric transformation pathways.

Currently, there are large uncertainties in the speciation, chemistry and overall fate of Hg from
combustion point sources.  The main purpose of the study presented here was to begin to close the data
gap in the specific area of speciation, chemistry and transformation of Hg species from two different
combustion point sources in Maryland. The study was conducted at two Maryland sites: the Montgomery
County Resource Recovery Facility (RRF) and the PEPCO Dickerson Generating Station in May 1997.
The RRF burns municipal waste as its fuel and is operated by Ogden Martin Systems (OMS).  Dickerson
is a coal-fired electric utility.  The two sites are on adjoining property located on the east bank of the
Potomac River near the town of Dickerson, Maryland.
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2. JUSTIFICATION FOR STUDY

2.1         Background

Within the past 5 years, there have been well regarded studies of Hg source emissions, Hg deposition and
terrestrial/aquatic Hg biogeochemical cycling (Porcella et al., 1995; Wilken, 1997; Lindberg et al., 1997).
However, there is a data disconnect between Hg source types and sensitive ecosystems.  It is the US
EPA’s position that an apportionment between Hg sources and Hg in environmental media and biota
cannot be described in quantitative terms with the current scientific understanding of the environmental
fate and transport of the pollutant.  There is a lack of adequate mercury measurement data near the
anthropogenic atmospheric mercury sources.  In fact there have been very few studies of Hg speciation
fate and effects in combustion plumes (Lindberg, 1980; Imhoff and Brown, 1996).  However, recent
research has more clearly linked source regions with deposition on a regional scale.  For example, in
Scandinavia, with the closing of industrial and dirty coal burning sources in Eastern Europe, there has
been a statistically significant decrease in air concentration and deposition of Hg (Iverfeldt et al., 1995).
Also, Engstrom and Swain (1997) have shown a decrease in atmospheric deposition as measured in
Minnesota Lake cores, due to the regional decrease in use and emissions of Hg.  Recent trace metal
signature studies combined with chemical mass balance models are also indicating direct regional Hg
source-receptor relationships (Ames et al., 1997; Dvonch et al., 1996).

Present continental to global scale atmospheric models provide insight in the proportion of emissions
transported in the local, regional and global regimes, but lack the resolution to address specific source-
receptor questions (Hg Synthesis Report, 1994). Presently, there are 3 fully developed computer models
that predict Hg deposition rates based on a limited number of basic atmospheric gas and liquid phase Hg
reactions (Pai et al., 1996; Bullock et al., 1997a, 1997b; Petersen et al., 1996).   These models include Hg
emissions from fossil fuel and other combustion sources.  Currently, all the models assume coal
combustion sources emit essentially the same ratio of Hg species; 50% Hg0, 30% Hg(II) and 20%
particulate Hg (PHg).   In fact, the authors of these models have stated that the ratio of species emitted is
far more important than the actual mass of total Hg emitted (Seignuer, 1996, Bullock, 1996).  The EPA
sponsored regional-scale atmospheric Hg model highlights the uncertainty of our understanding of
speciated Hg emissions and fate (Bullock et al., 1997b).  The model of Bullock (1997b) presents two
emission Hg speciation profiles.  For electric utility boilers, in the base case emission profile, Hg(II)
makes up 30% of the emissions, but 0% in the alternative emission profile.  This is because in the
alternative emission profile, Bullock 1997b assumes that all of the emitted Hg(II) quickly adsorbs to
particulate matter, based on a single Hg plume study (Imhoff et al., 1996).  This has a profound effect on
the anthropogenic Hg deposition rate, dropping from 77.9 metric tons/year to 48.2 metric tons/year for
the base case and alternative emission, respectively (Bullock et al., 1997b).  Which emission profile case
is correct?  Clearly, one would conclude that accurate estimation of emitted combustion source Hg
species is of critical need.

However, direct measurements of Hg species in the flue gas duct will likely not be an accurate prediction
of Hg species present in the plume of the point source.  The changes in variables from the flue to the
plume such as temperature, light, chemical oxidants, and condensed water are expected to affect the
speciation of Hg (Table 2.1).  For example, emitted gas phase Hg(II) will likely condense onto particulate
matter in the plume within minutes of exhaust from the stack (Imhoff and Brown, 1996; Stevens, 1997).
Furthermore, the model of Bullock (1997a and 1997b) indicates that only 1.3% of the emitted
anthropogenic Hg0 species is deposited in the model domain (United States), with the remaining 98.7%
advected out of the model domain.  This highlights the importance of accurate Hg speciation
measurements in the flue gas and plume of anthropogenic sources.  For example, if the fraction of Hg0

emissions changes due to more accurate measurements, or, if it can be shown that there is conversion of
the species Hg(II) and PHg to Hg0 in the plume, this will have a direct effect on the modeled deposition
due to anthropogenic sources. Therefore, experiments designed to investigate the physical and chemical
transformations of Hg in a coal combustion plume, would be of tremendous help to modelers, to better
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predict the fate and effects of Hg.  The SPDC Hg speciation study presented here was focused on
addressing this uncertainty in our understanding of the modeled fate of anthropogenic Hg emissions.

The paucity of data for plume Hg speciation is primarily due to the cost and difficulties in supplying a
suitable aircraft platform and historical lack of sensitive analytical methods.  But recent developments in
sensitive atmospheric Hg speciation techniques are now providing the tools necessary to study Hg plume
chemistry (Lindberg and Stratton, 1998, Prestbo et al., 1996).  We report here on the use of atmospheric
Hg speciation methods in combination with a Static Plume Dilution Chamber (SPDC) for the
characterization of both a coal-fired and municipal waste-fired fluegas plume. The Hg plume speciation
data set reported here will be the first of its kind in Maryland and can be used directly to better help
predict the fate of emitted Hg through better modeling efforts.

Table 2.1

Chemical and Physical Changes From Stack to Plume

State Stack Plume

Light none UV-Visible (daylight)

Temperature 70-175°C (-20)-30°C

Reaction Time <minute >24 hours

Water Vapor Vapor & Condensed

Ozone none 0-50 ppbv

Particles Soot, Flyash Highly Complex

Deposition Surfaces none soil, water, trees etc.

2.2         Justification for Using the Static Plume Dilution Chamber (SPDC)

Although the traditional method of learning about the behavior and fate of emitted Hg is to sample the
plume in-situ using an aircraft platform, a complimentary and potentially more informative method is the
SPDC.  The advantages and disadvantage of using a SPDC instead of sampling directly in the plume
using an aircraft platform are:

•  SPDC control of plume sampling conditions is not dependent on meteorology and thus more precise.

•  A wide variety of plume conditions can be sampled in a short amount of time with relatively little
technical or logistical difficulty.

•  Variables that may be controlled include reaction time, dilution ratio, relative humidity, temperature,
light input, particle loading, dilution gas type, and rainwater input.

•  Changes in Hg speciation can be observed over time, providing an effective reaction rate for Hg
species transformations in a plume.
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•  Experiments can be performed to simulate daylight and nighttime conditions.  This allows one to test
the working hypotheses that gaseous Hg(II) will likely condense onto particulate matter and then be
photochemically reduced to Hg0 when there is high hν flux.

•  Rainwater simulations can be done to directly measure the plume Hg washout rates. These can be
compared to complimentary ground based sampling of local source Hg deposition rates.  This type of
experiments will be most useful for atmospheric model testing and cannot be easily done from an
aircraft platform.

•  Important quality assurance measurements can be more easily and precisely defined in the SPDC.
These include identical sample runs, direct measurement of dilution ratio, mass balance and control
of signal to noise ratio through control of dilution ratio and sampling time.

•  The primary disadvantage to using a SPDC is the potential for surface effects that could change the
plume characteristics compared to an actual plume.  But, it should be noted that adverse surface
effects during aircraft plume sampling are also a contentious pitfall.

This chamber was designed and tested by Frontier Geosciences for a previous study (Prestbo et al.,
1999). The development of the SPDC and supporting Hg speciation methods can be applied to better
answer and address important research questions about the fate and effects of Hg emissions from
combustion plumes.  For example, the SPDC can be used to determine if Hg condenses onto particulate
matter in a cooling plume, as has been previously observed (Imhoff and Brown, 1996); confirm the
reduction of Hg(II) to Hg0 in cloudwater by sulfite (Pleijel and Munthe, 1995); determine whether gas-
phase or particulate-phase scavenging of Hg dominate Hg deposition (Campbell and Zankel, 1993);
compare simulated Hg washout efficiency in the SPDC system with event-based field measurements and
Hg plume models; test the hypothesis that liquid phase scavenging of Hg(II) is diffusion limited
(Campbell and Zankel, 1993); investigate whether condensed Hg(II) on particles be photochemically
reduced to Hg0; and evaluate whether the complexation of Hg(II) by excess Cl- prevent it from being
reduced to Hg0 by sulfite (Pai et al., 1996).

3. RESEARCH GOALS

There are 3 overarching research goals.  They are:

A. The measurement of Hg0, Hg(II) and PHg emitted from the flue gas of two different types of
combustion sources; a coal-fired electric utility and a municipal waste-fired incinerator.

B. Determination of the Hg speciation in the plume of coal- and municipal waste-fired combustion
sources under controlled conditions of light input, temperature, time, and rainwater input.  In other
words, determination of the transformations of Hg species, if any, which occur from the in-stack flue
gas to the plume.

C. Comparison of total Hg in the fluegas measured by the FGS MESA method with simultaneous
measurements made by Entropy for Ogden Martin Systems at the RRF.
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4. SCIENTIFIC APPROACH

4.1         Measurement of Hg Speciation in the Fluegas

Direct emissions of Hg species were measured using the Mercury Speciation Adsorption (MESA)
Method (Bloom, 1993; Prestbo and Bloom, 1995, Prestbo and Tokos, 1997).  The MESA Method
sampling system for gas phase Hg species used a series of heated, solid phase adsorbent traps.  Flue gas
was drawn through a heated, quartz tube followed by a series of two KCl/lime traps and two iodated
carbon traps.  Oxidized Hg species are adsorbed by the KCl/lime sorbent while Hg0 passes through to be
adsorbed by the iodated carbon traps. The MESA Method sorbent traps are prepared for analysis using
previously established acid digestion/leaching.  The quantification of Hg in the digested sample is done
using  EPA-Method 1631, cold vapor atomic fluorescence spectroscopy (CVAFS).

Particulate Hg in flue gas samples was collected using a modified EPA Method 17, "Determination of
Particulate Emissions from Stationary Sources (In-Stack Filtration Method)."  The method used
isokinetic sampling onto quartz fiber filters (QFF). The isokinetic QFF were digested using hot refluxing
7:3 HNO3:H2SO4 and then diluted with 5% bromine monochloride (BrCl) solution. Following the QFF is
a large diameter iodated carbon trap (ISO-IC) that captures all the gas phase Hg species. The ISO-IC
traps are digested using hot refluxing acid and dilution with BrCl.  Both the QFF and ISO-IC digests are
quantified using EPA Method 1631 CVAFS.

The MESA and ISO-IC samples were collected nearly simultaneously.  Comparison of these two separate
methods serves as a quality assurance check on the accuracy and precision of the total gaseous Hg values.
Also, total gaseous Hg by EPA Method 101A was done at the RFF by Entropy Inc. to satisfy quarterly
compliance emission testing.  Direct comparison of the fluegas Hg concentrations by OMS and this study
will be presented below.

4.2         Static Plume Dilution Chamber (SPDC) Studies of Hg Emissions

The justification for using the SPDC has been discussed in detail in Section 2.0.  The SPDC is essentially
a large Teflon coated reaction chamber (Figure 4.1).  A measured amount of flue gas is introduced into
the trace metal cleaned SPDC using a heated isokinetic sampling probe (Figure 4.1).  The flue gas is
diluted with ambient air that has been scrubbed of all Hg with iodated carbon traps (Figure 4.1).  The
nominal dilution ratio of 50:1 was chosen to ensure that the “SPDC plume” Hg concentration for each Hg
species could be detected, while maintaining realistic dilution ratios.  Simultaneous to plume introduction
into the SPDC, an in-stack total (iodated carbon) and particulate Hg (quartz fiber filter) sample are
collected to quantify SPDC input Hg.  The speciation of Hg in the fluegas is critical to the evaluation of
Hg speciation change observed in a SPDC plume simulation.  The fluegas Hg speciation is determined
with overlapping MESA method sampling and analysis (Prestbo and Bloom, 1995; Prestbo and Tokos,
1997).  Table 4.1 summarizes the methods used to determine the speciation and amount of Hg introduced
into the SPDC.

After the set plume aging time has elapsed, the air in the SPDC is sampled to measure total Hg, Hg(II),
Hg0 and particulate Hg.  Dual mist chambers are used to both measure gaseous Hg(II) and also simulate
plume chemistry within cloudwater using appropriate mist chamber solutions (Lindberg and Stratton,
1998).  The SPDC and fluegas Hg speciation sampling methods used are listed in Table 4.1 and
presented schematically in Figure 4.1.  After the air samples have been collected, the SPDC lid is opened
and the walls are washed to determine the amount of Hg which has dry deposited.  The SPDC is first
rinsed with double-deionized water (DDW), then an acid rinse (AR, 1%HCl), then a last water rinse
(LW).  The wall rinses are filtered in real time to separate the particulate Hg (PHg) from the dissolved
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Hg (DHg).  When a simulated rainwater (SRW) SPDC run is done, the SRW is introduced simultaneous
to plume input.  Once the SRW input is complete (2 minutes), the SRW collected at the bottom of the
SPDC is immediately removed and filtered in real-time.  After the SRW, the plume is allowed to age,
then air concentrations are measured before opening the SPDC to do the wall rinses as described above.

All samples and field blanks collected are taken back to the laboratory for analysis.  Each sample was
digested or otherwise appropriately prepared for analysis.  All Hg samples were quantify using EPA-
Method 1631, CVAFS.  Based on measurements, a mass balance of total Hg for each SPDC sampling run
is calculated as the strongest quality assurance (QA) evaluation.  Numerous QA/QC samples were
collected and analyzed to assess both accuracy and precision.  In most cases, duplicate samples were
collected for each Hg species measured in the SPDC.  This includes duplicate samples of total gas phase,
particulate phase Hg, gaseous Hg(II) using  ion exchange membranes and mist chambers (Table 4.1).
Reagent and sample media blanks from the laboratory and field were collected and analyzed for each
plume simulation. Digestion and analysis spike recoveries were also determined.  Quality assurance
results are summarized in Appendix A.

Table 4.1

Hg Speciation Sampling Methods Used with the SPDC

Method Matrix Measurement

MESA Method Fluegas Gaseous Hg0 and Hg(II)

Isokinetic In-Stack Quartz Fiber Filter Fluegas Particulate Hg (ISO-PHg)

Isokinetic In-Stack Iodated Carbon Fluegas Total Gaseous Hg (ISO-TGHg)

Gold Traps SPDC Air Total Hg (THg) for mass balance

Iodated Carbon SPDC Air Total Hg (THg) for mass balance

Quartz Fiber Filter SPDC Air Particulate Hg (QFF-PHg)

Ion Exchange Membrane SPDC Air Reactive Gaseous Hg(II) (RGHg)

Mist Chamber (3% HCl) SPDC Air RGHg + PHg

Mist Chamber (nmolar H2SO4) SPDC Air Cloudwater Soluble Hg

Iodated Carbon (behind filters) SPDC Air Hg0

SPDC wall rinse (double deionized water-DDW) Water
Particle Dry Deposition (DDW-PHg)

Gas Dry Deposition (DDW-DHg)

SPDC wall rinse (1% HCl) Dilute Acid Acid wall rinse (AR-PHg & AR-DHg)

Simulated Rainwater (SRW) with nmolar H2SO4 Water
Particle Washout (SRW-PHg)

Gaseous Washout (SRW-DHg)

Cellulose Nitrate Filter (0.2 µm) Water Used to filter DDW, AR and SRW
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Figure 4.1.  Schematic of the Static Plume Dilution Chamber (SPDC).  See text and Table 4.1 for a
description of each Hg species measured with respect to method.
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5. DESCRIPTION OF EACH COMBUSTION FACILITY

5.1         Montgomery County Resource Recovery Facility (RRF)

The Montgomery County RRF is located near Dickerson, MD approximately 65 miles NW of
Washington D.C., on the east bank of the Potomac River.  Ogden Martin Systems of Montgomery County
operates the RRF.  The RRF consists of three identical municipal solid waste-fired boilers of Martin
GmbH Stoker Combustion System design.  Each of the three RRF boilers are designed to burn up to 600
tons of refuse per day (1800 tons/day total) and generate approximately 20 megawatts (MW) of
electricity. The RRF started operations in 1995 and is equipped with a state of the art air pollution
control system.  This system consists of a reverse air fabric filter baghouse, spray dryer, and activated
carbon injection system for the control of organics, trace metals, acid gases and mercury.  It also has a
selective non-catalytic reactive system (SNCR) for the control of nitrogen oxides (NOx).  In addition,
direct lime injection into the boiler further controls the acid gases.  The addition of dolomitic lime to the
ash minimizes leaching of metals from the ash when it is disposed of in a landfill.  Continuous emission
monitors (CEMs) measure the emissions of carbon monoxide (CO), NOx and hydrochloric acid (HCl) for
each boiler-stack unit.  Based on the inhomogeneous nature of the fuel, day-to-day variation in the
fluegas Hg concentration and speciation of the emissions was expected.  For this study, all measurements
were made on the stack of boiler unit 1.

5.2         PEPCO Coal-Fired Dickerson Generating Station (Dickerson)

Dickerson Generating Station (Dickerson) is also located 1 mile west of Dickerson, MD on the east bank
of the Potomac River.  For this study, the focus was on the coal-fired system at Dickerson.  Dickerson
has three conventional coal-fired generating units with a total capacity of 558 MW.  It typically burns
coal at a maximum of 4500 tons per day.  The boilers are controlled circulation, tangentially fired, with
superheater, reheater and economizer.  The exhaust flue gas from the unit is split approximately 50%
each into two paths for particulate removal.  One stream passes through an electrostatic precipitation and
the other passes through a wet scrubber.  The exhaust gas then combines and enters a 700-foot stack
common to all three units.  Continuous emissions monitors (CEMs) measure emissions of CO, CO2 NOx,
SO2 and opacity. The RRF and Dickerson are located on adjacent property.

6. EXPERIMENTAL DESCRIPTION

6.1         Isokinetic In-Stack Particulate (ISO-PHg) and Total Gaseous Mercury (TGHg) Collection
Method

For the collection of particulate mercury, we used the guidelines provided in EPA Method 17,
“Determination of particulate emissions from stationary sources (in-stack particulate filtration method).”
The collection of particulate in the stack is the preferred method for Hg research, as this trace metal is
known to be temperature sensitive with respect to partitioning between the gas and solid phase (Meij,
1991a, 1991b).  Method 17 must be supported by EPA Methods 1-4.  EPA Method 1 determines sample
traverses.  Stack velocity was measured following EPA Method 2.  We were able to get major and trace
gas analysis values from CEMs installed in each stack, so only the calculation section of EPA Method 3
was used to determine dry molecular weight of the gas.  EPA Method 4 was used to determine the
percent moisture in the fluegas.  All of these EPA methods are recorded in the Code of Federal
Regulations, in section 40CFR60, Appendix A.

There are some special circumstances for the sampling of particulate mercury in flue gas that are not
adequately addressed by the EPA Method 17.  We therefore made modifications to Method 17 to
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optimize for low-level mercury sampling and analysis.  For example, we used an all Teflon filter pack
(Savilex) that is easily acid-cleaned to remove sources of Hg contamination.  Also, the mass of
particulate collected is usually determined in order to calculate the concentration of particles emitted.  As
we were only interested in the concentration of particulate mercury, we had no need to quantify the
weight concentration of particulate matter in the fluegas. Instead, the filter was removed from the filter
cassette using clean gloves and clean surfaces to avoid contamination and then immediately introduced
into trace-clean I-Chem vials.

Behind the quartz fiber particulate filter is a 10 mm o.d. iodated carbon trap.  The sorbent trap efficiently
collects all gas phase species of mercury (Prestbo and Bloom, 1995).  Each trap has 2 bed volumes of
iodated carbon: analysis of the second bed volume indicates 100% Hg collection (Appendix B and C,
Tables B-2 and C-2).

6.2         Flue Gas Isokinetic Particulate (ISO-PHg) and Total Gaseous Hg (ISO-TGHg) Sample Analysis

The procedure for digestion and analysis of Hg collected on the in-stack particulate filters is described in
EPA Method 1631, “Mercury in Water by Oxidation, Purge and Trap, and CVAFS and SOP FGS-011
“Total Mercury in Solids.”

ISO-PHg samples collected in the field were brought back to the laboratory for digestion and analysis.
The vials were first rinsed in DI water to remove any potentially contaminating material on the outside of
the vial.  Then the vials were opened in the clean laboratory and 16 ml of a 7:3 HNO3:H2SO4

concentrated acid solution were added (known to be low in Hg).  The lids were screwed on tightly and
the vial was heated on a hot plate at 125° C for at least 2 hours of continual reflux.  After the vial was
cooled to room temperature, they were opened and 0.01 N BrCl was added to the volumetric line of the
40.0 ml vial, closed again and shaken.  Field blank filters, trip blank filters, lab blank filters and reagent
blanks were all digested in the same manner. An aliquot of the filter digest was analyzed by aqueous
phase SnCl2 reduction, dual gold amalgamation and cold vapor atomic fluorescence spectroscopy
(CVAFS) detection.  Quality control samples consisted of field, trip, lab and reagent blanks as well as
duplicate analysis, SRM analysis, check standards, system blanks and analysis spike recoveries (see
Appendix A for QC results).

The ISO-TGHg samples were analyzed for Hg concentrations following the procedures outlined below in
section 6.3 for the iodated carbon traps.

6.3         MESA Method Sample Collection and Analysis

The MESA method used in this research has been summarized in journal articles and FGS SOPs (Prestbo
and Bloom, 1995; Prestbo and Tokos, 1997; SOP FGS-023 and FGS-031). EPA Method 1631, “Mercury
in Water by Oxidation, Purge and Trap, and CVAFS” is the basis for analysis of Hg on MESA method
traps (see Appendix C).  New independent research has reported on the accuracy of Hg speciation for the
MESA method for coal flue gas (see Section 6.3).

The MESA sampling system for gas phase Hg species employs a series of heated, solid phase sorbent
traps.  The flue gas is drawn through a heated, quartz tube followed by a series of two KCl/lime traps and
two iodated carbon traps.  Oxidized Hg species (Hg(II)) are adsorbed by the KCl/lime sorbent while Hgo
passes through and is collected by the iodated carbon sorbent (Figure 6.1).
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Figure 6.1

Fig. 6.1.  Schematic of the MESA method sorbent trap configuration and associated equipment  for gas
phase Hg speciation sample collection.  Two traps of each solid sorbent are used to determine Hg species
collection efficiency.  The iodated carbon traps are commercially available (Supelco).  They are designed
for the collection of Hg vapors. Once made and sealed, the KCl/lime and iodated carbon traps can be
stored indefinitely without degradation or contamination if kept in a low Hg environment.
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The MESA sampling system is designed to collect gas phase Hg species only.  The MESA method uses a
perpendicular sampling orientation, low flow rate, and small (0.32 cm) inlet orifice for gas phase Hg
sampling (Figure 6.1). Incident particulate entering the system was collected on a quartz wool plug at
stack temperature (Figure 6.1).  The wool plug collected as part of the MESA method was not analyzed.
The isokinetic particulate Hg results from the in-stack method described above in sections 6.1 and 6.2 are
the accurate measure of particulate Hg.

The KCl/lime traps were manufactured in an ultra clean laboratory by mixing 250 g of powdered CaO
(Strem, phosphor grade), 50 g of KCl  (J.T. Baker, Baker Analyzed) and 25 g KOH (J.T. Baker, Baker
Analyzed) in approximately 1 liter of double deionized water (DDW) to make a viscous suspension.  The
mixture was oven-dried at 110º C, ground and sieved between 10 and 20 mesh, and then ashed at 600º C
for 2 hours.  Approximately 2 g of the KCl/lime granules are packed into Teflon®/Halon® tubing (10 cm
x 8 mm o.d.) between plugs of silanized glass wool (Supelco).  The KCl/ lime traps were then packaged
with acid cleaned Teflon® end plugs and stored in ziploc bags.

MESA method samples were collected non-isokinetically from a single point away from the walls of the
flue duct.  This was accomplished with an appropriate length of 6.0 mm o.d. quartz tube that also has a
quartz fiber filter plug inserted in the end to collect incident particulate material (Figure 6.1).  The
sample train temperature is maintained, using a proportional thermocouple feedback controller (Cole-
Parmer Digi-sense®), at 90±10º C to avoid condensation of water.  Dry gas volume is measured using a
mass flow meter (Sierra, Side Trak III) after passage through a desiccant (silica gel).  The mass
flowmeters are periodically calibrated with bubble flowmeters and intercompared with an in-house flow
meter (Sierra, Side Trak III).  Concentrations reported are relative to dry flue gas at 21.1º C (70º F).
Sample flow was nominally 0.5 standard liters per minute (slpm) over a 1 to 3 hour period for a total
sample volume range of 30 to 90 liters.  Trace element clean techniques were applied throughout
sampling and analysis to minimize sources of contamination (Bloom, 1995).

Quantification of Hg was made for all MESA method samples using cold vapor atomic fluorescence
spectrometry (CVAFS), following appropriate sorbent digestion (Prestbo and Bloom, 1995; EPA Method
1631 and SOP FGS-031).  All standards were ultimately traceable to the lab stock standard for total Hg
supplied by the National Institute of Science and Technology (NIST-3133, lot #290702).  A Certified
Standard Reference Material (SRM) was analyzed along with the samples.

The entire contents of each iodated carbon trap was gently refluxed for 1.5 to 2.0 hours in closed 20.0
mL trace-clean I-Chem vial with 10 mL of a mixture of 7:3 (v/v) concentrated HNO3:H2SO4.  The iodated
carbon digests were then diluted to volume with 5% (v/v) BrCl reagent.  Mercury on iodated carbon traps
was determined by aqueous SnCl2 reduction of small aliquots (0.05 to 1.0 ml) of the HNO3/H2SO4/BrCl
acid digest, then dual gold amalgamation followed by CVAFS detection.

Analysis for Hg(II) was done by digesting the individual KCl/lime traps in 100 mL of a mixture of 6%
HCl and 4% BrCl (v/v).  Aliquots (0.1-1.0 mL) of the KCl/lime digest were then analyzed by aqueous
SnCl2 reduction, dual gold amalgamation, and CVAFS detection.

Just prior to this study, we had knowledge that the MESA method may be biased with respect to Hg
speciation (but not total Hg) in coal fluegas with high SO2 present.   We new that this potential bias
would only be a problem at the Dickerson site, but not the RRF, where SO2 is very low.  The research has
suggested that the MESA method was overestimating the fraction of Hg(II) in coal flue gas with high
(1500 ppm) SO2.  Peer reviewed research papers on MESA and impinger based Hg Speciation Methods
are referenced in Appendix D.
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The Energy and Environmental Research Center (EERC) completed both pilot plant and bench scale
testing of the MESA method and impinger based methods such as EPA Method 29 and its variants.  It
was concluded, based on bench scale tests, that the MESA method in the presence of 1500 ppm SO2 and
600 ppm of NOx in a standard flue gas mix had a two-tailed t-test standard error of -73.8% at the 95%
confidence level.  In other words, there was significant overestimation of the Hg(II) fraction in controlled
bench scale tests (See Appendix D).  It should be stated clearly that the Total Hg concentration
measured by the MESA method is not affected and is still accurate to better than ± 10%.

The research at EERC described above, although very well designed and executed, was limited in scope.
For a prior project for the Wisconsin Department of Natural Resources, and this project, the coal flue gas
would be much lower in both SO2 and NOx than the experiments done at EERC.  We determined that this
was an important enough issue that further research into the MESA method was necessary at lower SO2

and NOx than was done at EERC.  Furthermore, it was suggested that the reaction, which allegedly was
converting Hg° to Hg(II) on the KCl/lime, was highly temperature dependent.  Starting in April of 1996,
we conducted bench scale tests on the MESA method at FGS to further define the extent of the MESA
method Hg speciation bias.  We manipulated the NOx concentration, NOx speciation, SO2 concentration
and sampling temperature.  These results are summarized in a paper by Prestbo and Tokos, 1997 and
included in Appendix D of this document.  In no instance did we observe a statistically significant
conversion of Hg0 to Hg(II) on the KCl/lime trap as had been reported in the EERC research.  We
concluded that because the SO2 is 750 ppm and NOx is 380 ppm at Dickerson, the use of the MESA
method would be adequate, with an estimated Hg speciation accuracy to within ±20%.

In summary, the Hg speciation results for Dickerson have a greater uncertainty due to observations made
in experiments at both EERC and FGS.  It is expected that the fraction of Hg(II) may be biased high by
up to 20%.  Finally, it must be made clear that since the RRF is very low in sulfur, the Hg
speciation reported by the MESA method is accurate for this site.

6.4         Description of SPDC Method

The SPDC Method is described in detail above in Section 4.2 and in Prestbo et al. (1999).  All SPDC
samples were analyzed following EPA Method 1631, “Mercury in Water by Oxidation, Purge and Trap,
and CVAFS.”  Detailed FGS SOPs were followed for the analysis of the various sample matrices.

The quality assurance effort for the SPDC phase of this study was extensive, with the use of a large
number and type of quality control samples.  See Appendix A for summary of quality control samples.
During CVAFS Hg analysis, calibration curve r-values, system blanks, laboratory replicate analysis,
laboratory control standards and sample analysis matrix spikes were routinely analyzed.  These data are
available for review in great detail, but will only be briefly summarized in Appendix A. Field replicates
and field blank quality control samples were the primary means to measure quality assurance for the
SPDC study.
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7. SPDC RESULTS FOR MONTGOMERY COUNTY RESOURCE RECOVERY FACILITY
(RRF)

7.1         MESA Method Speciation Results for the RRF

As discussed above, the determination of Hg speciation in the fluegas sets the baseline Hg speciation for
the SPDC at time zero of each SPDC test run.  The total Hg by MESA sum of species can also confirm
the total Hg input to the SPDC as measured independently by the isokinetic, in-stack total Hg method
(see below). A MESA method sample was collected at the RRF during each SPDC test run and the
results are summarized in Table 7.1 and Figure 7.1.

The mean total Hg for the RRF Unit 1 is 9.45 ± 1.96 µg/m3. The percent relative standard deviation
(%RSD) of 20.8% (n=10) for total Hg is the combination of the inherent fluegas variability and method
precision.  Due to the fact that a municipal waste incinerator fuel supply is highly variable in nature, we
expected to observe variability in both the speciation and total Hg concentration.  The fact that the
overall variability is relatively small is likely due to a dampening effect by carbon injection and other air
pollution control systems.  Interestingly, total Hg tends to decrease over the 5 sampling days.

The MESA method observed significant variability in the fraction Hg0 at the RRF.  The fraction Hg0 was
either near 0.30-0.40 or 0.50-0.60 (Table 7.1).  As the fraction Hg0 increases, so does the total Hg as
illustrated in Figure 7.2.  The equation of the linear least squared line (Figure 7.2) may suggest that there
is a fixed amount of Hg(II) present in the fluegas (intercept of 5.82 µg/m3) and that the total Hg
concentration is primarily dependent on fluctuations in fluegas Hg0.  Again, this may be the result of the
air pollution control system, which should easily remove any Hg(II) present, but is much less efficient at
removing Hg0.

Interestingly, the observation of a significant amount of Hg(II) at the RRF was surprising considering the
types of air pollution control systems.  The EPA Hg Report (1997) predicts that a facility such as the
RRF should have only elemental Hg in the fluegas.  Thus finding Hg(II) in the RRF fluegas is significant.

7.2         RRF Unit 1 Isokinetic In-Stack Particulate (ISO-PHg) and Total Gaseous Hg (ISO-TGHg)
Results

The isokinetic in-stack Hg fluegas measurement is critical because it determines the particulate Hg (ISO-
PHg) and total gaseous Hg (ISO-TGHg) simultaneous to the start of each plume simulation in the SPDC.
Using each ISO-THg concentration and volume of fluegas injected into the SPDC, the total Hg loading
for each SPDC test run is calculated.  Then once the Hg speciation has been determined in the SPDC, the
sum of Hg species measured in the SPDC is calculated so that a mass balance can be measured.  As
mentioned in the last section, comparison of the ISO-TGHg results with the MESA method TGHg results
helps provide a high degree of confidence in the total Hg loading into the SPDC.

The results of ISO-PHg and ISO-TGHg at RRF Unit 1 are presented in Table 7.2 and Figure 7.3.  The
amount of ISO-PHg observed is exceedingly small for fluegas, with all values below 0.008 µg/m3 (MDL
~ 0.0005 µg/m3).  However, we did observe a small but visible mass of particulate on the quartz fiber
filter, so we are certain that some particulate mass was loaded into the SPDC.

The ISO-TGHg values over the 5 days of sampling averages out to be 9.29 ± 1.74 µg/m3. The comparison
of mean and standard deviation of the ISO-TGHg and MESA THg is very good at 9.45 ± 1.96 µg/m3 and
9.29 ± 1.74 µg/m3, respectively (Tables 7.1 and 7.2).  The relative percent difference (RPD) between the
means is 1.62%.  Individual ISO-THg verses MESA-THg intercomparisons all have RPDs less than 25%,
with most of them below 10%.  This agreement between methods, considering that the ISO-TGHg and
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MESA-TGHg samples were not collected simultaneously and the inherent variability in the RRF fluegas,
provides an overall level of confidence in the measurement of total gaseous Hg input into the SPDC.

Table 7.1
MESA Method Results for Ogden Martin Systems RRF, May 1997

RRF Date Parallel SPDC HgO Hg(II) TGHg Fraction
Sample ID Sampled run ID µg/m3 µg/m3 µg/m3 Hg0

506-1 05/06/97 506-1 4.81 7.45 12.26 0.39
507-1 05/07/97 none 3.44 6.93 10.37 0.33
507-2 05/07/97 507-1 6.28 4.28 10.56 0.59
507-3 05/07/97 507-2 7.64 3.87 11.51 0.66
507-4 05/07/97 none 6.18 4.73 10.90 0.57
508-1 05/08/97 508-1 4.68 3.40 8.09 0.58
508-2 05/08/97 508-2 4.32 4.61 8.93 0.48
509-1 05/09/97 509-1 3.02 5.37 8.38 0.36
509-2 05/09/97 509-2 2.36 3.94 6.30 0.38
510-1 05/10/97 none 1.92 5.24 7.16 0.27

Mean 4.46 4.98 9.45 0.46
Stdev 1.84 1.32 1.96 0.13

%RSD 41.2 26.5 20.8 29.0

Figure 7.1  MESA Method Results for Ogden Martin RRF, May 1997
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Table 7.2
In-Stack isokinetic (ISO) results for the RRF, May 1997

RRF Parallel ISO ISO RPD
MESA Date SPDC TGHg PHg MESA vs ISO

Sample ID Sampled Run ID µg/m3 µg/m3 %

 506-1 05/06/97  506-1 12.22 0.0026 0.26
 507-1 05/07/97 none 9.76 0.0044 6.05
 507-2 05/07/97  507-1 9.96 0.0025 5.83
 507-3 05/07/97  507-2 9.17 0.0007 22.60
 507-4 05/07/97 none na na na
 508-1 05/08/97  508-1 8.14 0.0007 0.62
 508-2 05/08/97  508-2 8.98 0.0022 0.56
 509-1 05/09/97  509-1 9.99 0.0079 17.51
 509-2 05/09/97  509-2 6.13 0.0031 2.75
 510-1 05/10/97 none na na na

Mean 9.29 0.003 1.62
Stdev 1.74 0.002

%RSD 18.7

Figure 7.3  Comparison of MESA-TGHg and ISO-TGHg at the 
RRF in May, 1997.  A mean value for both methods is also shown. 
See Table 7.2 for summary of mean values and calculated RPD 
for each test run.
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7.3         Comparison of OMS and Frontier Geosciences MESA-TGHg in Fluegas

On May 7, 1997, the measurement of total Hg in stack 1 of the RRF was measured simultaneously by
Frontier Geosciences (MESA Method) and Entropy Inc. (EPA Method 101A), for OMS. The 3 results for
both methods are compared in Table 7.3.

Table 7.3
Comparison of Total Hg in Unit 1 Stack Gas at the RRF, May 1997

Sample ID and Time Entropy for OMS* Frontier Geosciences RPD
970507 Rep1 1030-1253
970507 Rep 2 1415-1637
970507 Rep 3 1730-1940

14.03
14.05
11.23

10.56
11.51
10.90

28.2%
19.9%
2.98%

Mean 13.10 10.99 17.0%
*Entropy-OMS results taken from OEG Report No. 2151, July 1, 1997 as provided by Dr. Ramana K. Rao.

7.4         Description of SPDC Sampling Test Matrix at the RRF

The details of each SPDC test run at the RRF are summarized in Table 7.4.  The SPDC load time, load
liters (fluegas) and reaction time are fairly constant.  The total ng of Hg introduced into the SPDC is
approximately 80 ng based on a load volume of 8.5 liters (Table 7.4) and total Hg concentration of 9.45
µg/m3 (Table 7.4).  The approximate concentration in the SPDC for each test run was 170 ng/m3 based on
the measured SPDC volume of 0.463 m3.  The average dilution ratio was 54:1.  The air used for dilution
was nominally ambient air which was measured to be low in total Hg (2.43 ng/m3) compared to the
plume air (∼ 170 ng/m3).  The SPDC variables that were changed were light input and simulated rain
(SRW - Table 7.4).  The main purpose of adding light to the SPDC was to see if it would cause any Hg
species transformations: namely photoreduction of Hg(II) to Hg0.  The quartz tungsten halogen (QTH)
light closely mimics the solar spectrum.  The QTH light was put as close to the top of the SPDC as
possible. Of course, adding SRW was done to observe how much and what species of Hg are removed to
the liquid phase in an SPDC run.  The SRW was always sprayed into the SPDC simultaneous to the
introduction of the fluegas to simulate rain falling through a plume.

Table 7.4
SPDC Conditions at the RRF, May 1997

CONDITIONS
RRF

May, 1997
Load
Time

Actual
Load Vol.

Light
On?

Flush Vol.
(liters)

Air
Type*

SRW
Input?

Rxn
Time
(min)

Lab
Temp

oF

SPDC Temp.
Prior to Air

Sampling, oF

1-506 3 8.78 N 490 A/L No 37 na na
1-507 3.75 8.53 N 820 A/L No 31 na na
2-507 3.75 8.94 Y 484 A/L No 47 na na
1-508 4 8.28 Y 1000 A No 45 77 90-100
2-508 4 8.93 N 1000 A Yes 46 na na
1-509 3.5 8.43 Y 1000 A,F Yes 45 72 80
2-509 3.3 7.95 Y 900 Z Yes 47 na na

* A=Ambient Air, L="lab" air and F=Filtered
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7.5         SPDC Total Hg Mass Balance Results at the RRF

Before the results of each SPDC test run at the RRF are discussed in more detail, the total Hg mass
balance must be established as the strongest quality assurance evaluation.  In other words, the sum of the
Hg species measured in the SPDC should be equal to the amount of Hg injected based on measured
fluegas input volume and the in-stack ISO-THg measurements.  Numerous other QC samples were
collected and analyzed to assess both accuracy and precision.  For a number of species, duplicate samples
were collected and measured in the SPDC.  This includes duplicate samples of total gas phase, and
RGHg using ion exchange membranes and mist chambers (Table 4.1).  Reagent and sample media blanks
from the laboratory and field were collected and analyzed for each plume simulation. In the lab, digestion
and analysis spike recoveries were also determined (See Appendix A).  Thus, the mass balance results
summarized in Table 7.5 and Figure 7.4 are quality assured by a wealth of QC data.

The expected THg injected into the SPDC is calculated based on the measured volume of fluegas
injected into the SPDC and the THg concentration measured by the in-stack isokinetic method (Column
2, Table 7.5).  The fraction of the total Hg that is injected as Hg(II) is based on the nearly simultaneous
MESA method result (Column 3, Table 7.5).  The fraction of PHg injected is too small to be considered
in the mass balance, but will be discussed in Section 7.7.  In order to calculate a mass balance, the sum of
Hg species concentrations in the SPDC must be calculated to obtain a “measured” THg concentration
(Column 4, Table 7.5).  The mass balance is then calculated as a ratio of “Sum of Hg Species” and THg
injected (Column 5, Table 7.5).  A mean mass balance ratio for all SPDC runs, excluding 1-506 is
calculated to be 0.84 ± 0.15 (Figure 7.4).  We have excluded SPDC run 1-506 because during loading we
had visible condensation in the SPDC probe, which likely caused losses of Hg.  The calculated mass
balance for the majority of the SPDC runs at the RRF is within an acceptable range of 0.75-1.25.  Only 1
run, 2-508 is just outside of this range at 0.67.  However all but one of the calculated mass balance ratios
are below 1.0, suggesting a potential bias.  The bias may be partially due to low recovery of the Hg0

fraction, which appears to be more variable than expected (Column 8, Table 7.5).

For simplicity, in Table 7.5, the Hg species measured in the SPDC have been consolidated into air
concentrations of PHg, RGHg and Hg0 (Columns 6-8, Table 7.5). Both the PHg and dissolved-Hg (DHg)
dry-deposition fraction are the combination of Hg removed from the SPDC walls as a result of DDW, AR
and LW rinses (Columns 9-10, Table 7.5).  The last 4 SPDC runs had Simulated RainWater (SRW)
injected and real-time filtration to measure Hg Washout of Dissolved and PHg (Column 11-12, Table
7.5).  Finally, the ratio of reactive Hg (RHg) species measured in the SPDC to the RGHg injected is
calculated.  At the RRF, the observed RHg species in the SPDC are significantly greater than the RGHg
injected.  This may suggest a conversion of Hg0 to Hg(II) during plume aging.  This ratio of RHg
observed verses RGHg injected appears to be higher in the non-SRW SPDC runs than those where SRW
was injected.  Remembering that the SRW is injected simultaneous to SPDC loading may prevent
conversion of Hg0 to Hg(II) due to presence of water and shortened reaction time, further supporting the
hypothesis.

The THg mass balance results are presented graphically in Figure 7.4.  Again, excluding SPDC run 1-506
for the reason described above, the good mass balance results observed at the RRF, provides an overall
high level of confidence to interpret each individual SPDC plume simulation run.  The following sections
describe in more detail the individual SPDC test run results presented in Table 7.5.
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Table 7.5

SPDC total Hg (THg) mass balance for each sample run at the RRF, May 1997.  The injected THg in the SPDC is calculated from the measured
volume and the simultaneous in-stack isokinetic PHg and TGHg determinations. The Sum Hg Species Measured is calculated using the measured
SPDC Hg concentrations in air (from the quartz-fiber-filters, ion exchange membranes and big iodated carbon samples), in dry deposition and in
the SRW washout.  Hg dry deposition is the sum of all the SPDC wall water rinses for both the dissolved and particulate fractions.  Hg SRW
washout is the sum of both the dissolved and particulate SRW fractions.

RRF SPDC Injected Sum Hg Ratio Hg                 Hg Hg Ratio Sum
May-97 ISO-THg Fraction Species Sum Hg SPDC AIR CONCENTRATIONS DRY DEPOSITION    SRW WASHOUT RHg species
Run ID Injected

ng/m3
Hg(II) Measured

ng/m3
Species /

Hg Injected
PHg

ng/m3
RGHg
ng/m3

Hg0

ng/m3
PHg

ng/m3
Dissolved

ng/m3
PHg

ng/m3
Dissolved

ng/m3
measured /

RGHg Injected

1-506 232 0.61 68.6 0.30* 0.36 7.94 4.97 9.57 45.7 none none 0.45
1-507 183 0.41 138 0.75 0.46 11.8 26.3 16.47 82.5 none none 1.50

2-507 177 0.34 136 0.77 0.51 11.9 31.8 18.26 73.5 none none 1.75
1-508 145 0.42 132 0.91 0.63 14.1 16.4 14.92 85.9 none none 1.89
2-508 173 0.52 115 0.67 0.65 12.7 8.44 8.79 38.2 27.5 19.0 1.19
1-509 182 0.64 157 0.86 0.73 11.4 48.6 7.71 14.2 12.4 61.7 0.93
2-509 105 0.62 116 1.10 1.07 12.7 16.7 6.93 16.0 3.43 59.2 1.52

Mean
Stdev
%RSD

0.48
0.11

23.8%

0.84
0.15

18.2%

1.46
0.35

24.2%

* Not used in average – condensation observed in isokinetic probe during loading resulted in Hg losses and thus low recovery
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Figure 7.4  Total Hg SPDC mass balance for each run at the RRF, May 1997.  The 
mean mass balance ratio, excluding run 1-506 is 0.84 +/- 0.14 for the THg Sum of 
Species.  Run 1-506 was excluded due to the observation of condensation at the 
SPDC inlet during flue gas loading.  The THg Sum of Species is calculated using 
the measured SPDC Hg air concentrations, dry deposition and SRW washout.  The 
good control of SPDC total Hg mass balance provides the necessary confidence to 
make detailed Hg speciation interpretations for each SPDC run.
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7.6         Apportionment of Hg Species for Each Individual SPDC Test Run at the RRF

It should be stated at the outset that the number of SPDC runs is too small to make statistically
supported arguments.  Instead, the best that can be done in this interpretation of results is to
explain major trends and differences with respect to changing SPDC variables.

The apportionment of the Hg species measured in each individual test run is graphically depicted
in Figures 7.5 to 7.7.  The values graphed come from Table 7.5.  The first column for each SPDC
test run is the “measured” Hg species in the SPDC, while the second column is the “injected” Hg
species based on SPDC loading volume and measured fluegas concentration.  Both the injected
and SPDC measured PHg was so small that they would not show on these figures.  PHg will be
treated separately in Section 7.7.  Figure 7.5 is a single SPDC test run that was compromised due
to an inlet condensation problem when loading the fluegas into the SPDC.  Figure 7.6 depicts all
the SPDC runs where there was no simulated rainwater (SRW) input during the test run.  These
experiments were designed to observe the fate of plume Hg under hot, but dry ambient
conditions.  Figure 7.7 depicts all the remaining SPDC runs, which had SRW input simultaneous
to plume formation in the SPDC.  These experiments were designed to observe the fate of plume
Hg during a hot, severe summer rainstorm.

The mass balance for SPDC run 1-506 is quite poor due to the observed SPDC probe
condensation problem (Figure 7.5).  Therefore, the confidence in the following interpretation for
this SPDC run is low.  The reaction time was 37 minutes for SPDC run 1-506, with no light or
SRW input (Table 7.4).  Interestingly, there was very little Hg0 observed in this SPDC run.  This
pattern of low Hg0 will be observed again in subsequent SPDC runs.  The Hg observed consisted
of predominantly dry deposited Hg in both particulate and dissolved forms.  Some RGHg was
also present.

There are 3 SPDC runs where the plume was aged and measured under dry conditions (Figure
7.6).  The plume simulation conditions are similar for all runs, except for light input.  SPDC runs
2-507-L and 1-508-L had UV-VIS light input, but 1-507-D was without light.  The absence and
presence of light was designed to look for changes in speciation, especially the hypothesis that
Hg(II) on surfaces will be photo-reduced to Hg0 in the presence of light. The reaction times were
37, 31 and 47 minutes for runs 1-507-D, 2-507-L and 1-508-L, respectively.  This should be
enough time to observe any significant photo-reduction effect.  Based on the few SPDC runs and
the overall precision of the measurements, it is easy to conclude for this case that there is no
significant difference in Hg speciation between light and dark SPDC runs. The measured
apportionment of Hg species is consistent for all three SPDC runs.  The majority of the Hg is
observed in the dry deposition fraction, both particulate and dissolved (Figure 7.6).  It is evident
from these SPDC runs that the fraction of gaseous Hg(II) injected is rapidly dry deposited to the
SPDC walls.  However, not all the Hg(II) is dry deposited, as a small but significant fraction of
RGHg is also observed in each SPDC run (Figure 7.6).  As described above, the dry deposited
Hg(II) is recovered by washing the walls of the SPDC and filtering in real-time.  The
apportionment between dissolved and PHg dry deposition may indicate what form of Hg(II) is
being removed from the air by this mechanism.  The average ratio of PHg to dissolved Hg is
0.21.  Therefore, clearly not all of the RGHg is going directly to particle surfaces as observed by
Imhoff (1996).

All 3 SPDC runs in Figure 7.6 had surprisingly low Hg0 observed in the SPDC, considering the
high fraction of Hg0 in the injected fluegas.  The average ratio of SPDC Hg0 observed to Hg0

injected is only 0.24.  In contrast, for the 3 SPDC runs 1-507, 2-507 and 1-508, the average ratio
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of reactive Hg (RHg) measured to RGHg injected is 1.71 ± 0.19 (see last column of Table 7.5).
There are 3 possible explanations: 1) there is conversion of Hg0 to Hg(II) in the SPDC, 2) Hg0 is
adsorbing to particulate matter and dry depositing on the walls of SPDC and 3)  bias in either the
ratio of Hg species injected or Hg species measured in the SPDC.  For this last possibility to be
true, the bias would have to be due to systematic error, since the good analytical control and the
consistency of the results do indicate random error.  The low value for Hg0 is unexpected and
may be due to measurements near the detection limit of the method (see Appendix B, Table B-5).
Conversion of Hg0 to HgCl2 is possible if the fluegas contains significant amounts of Cl2.
Prestbo and Calhoun (1999) have recently reported a first-order reaction rate for Hg0 + Cl2 at 5 x
10-18 cm3 . molec-1 . sec-1.  Using this rate and known concentrations of Hg0 in the SPDC,
approximately 5 ppm of Cl2 would need to be present in the RRF fluegas to have a 10%
conversion of Hg0 to HgCl2.  While this mechanism is speculative, it remains that there is
significantly more RHg measured in the SPDC than RGHg injected for these runs, supporting the
hypothesis of conversion of Hg0 to Hg(II).  For the SPDC runs with SRW input, this is not the
case (Figure 7.7).

The final 3 SPDC runs were done with simultaneous fluegas injection and SRW input to mimic
rainfall through a plume (Figure 7.7).  The plume simulation conditions were similar for all three
runs, except for light input.  Run 2-508-D was done in the dark, while the other two runs, 1-509-
L and 2-509-L, had UV-VIS light input.  After SRW input, the collected water at the bottom of
the SPDC was immediately withdrawn and filtered in real-time.  Then, the plume was allowed to
age another 45-47 minutes before air sampling began.

Changing the light conditions may have had an effect for the SRW runs at the RRF (Figure 7.7).
The total fraction of Hg removed by the SRW was much smaller for run 2-508-D than the other
runs with light input, 1-509-L and 2-509-L.  Furthermore, the SRW is split nearly evenly between
dissolved and PHg for run 2-508-D.  While for the SPDC runs with light input, the SRW is
predominantly dissolved Hg (Figure 7.7). But, with so few SPDC runs, this observed difference
in Hg plume speciation dependent on light is tentative for now.  More data is needed to fully
support this conclusion and merit a mechanistic explanation for this possible phenomenon.

For the two runs with UV-VIS light input, the SRW efficiently washes out most of the RGHg
injected, with the majority of it in the dissolved form.  This observation bolsters the prediction
that RGHg injected is HgCl2, which is highly water-soluble and thus easily scavenged by water
droplets.  Washout ratios ([Hg]rain/RGHg) of approximately 105 have been estimated at a number
of locations worldwide (Prestbo and Bloom, 1996).  A calculated washout ratio for SRW SPDC
runs 1-509-L and 2-509-L is approximately 3 x 102.  This much lower value could be explained
by Hg(II) being diffusion limited as suggested by Campbell S.A. and Zankel K.L. (1993).
However, calculating a washout ratio for the SRW SPDC runs is problematic for two reasons.
First the SRW rainfall rate is approximately 7.8 cm/hour: not a typical rainstorm. Second, the
SRW average droplet size is quite large (probably > 2 mm diameter), thus decreasing the surface
to volume ratio for optimal RGHg scavenging.  The overarching conclusion to be made is this:
washout of RGHg is expected to be an important removal mechanism for Hg in the plume of a
waste incinerator.  In contrast, PHg washout is likely not the dominant species contributing to Hg
in rain falling through the plume of a waste incinerator.  Recent models of the atmosphere
depend on PHg to explain Hg deposition (Mason et al., 1994).

The average ratio of SPDC RHg species measured to RGHg injected for the SRW SPDC runs is
1.21 ± 0.29 (Table 7.5).  This ratio closer to 1.0 suggests that there is less conversion of Hg0 to
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Hg(II) in the SRW SPDC runs, compared to non-SRW SPDC runs.  The presence of water vapor
and droplets in the SPDC may inhibit any conversion of Hg0 to Hg(II), in contrast to the above-
mentioned SPDC runs without SRW input.  Again however, the fraction of Hg0 measured in the
SPDC is much lower than the Hg0 injected.  Another surprising observation is the presence of a
significant RGHg fraction in the SPDC, even after the air has been aged for 45 minutes in the
presence of water droplets on the SPDC walls.

In conclusion, the RGHg injected into the SPDC, or formed during aging, is quickly dry
deposited or washed-out by SRW in the SPDC runs at the RRF.  On average, only 16% of the
fluegas RGHg injected into the SPDC remains in the SPDC as RGHg.

0

50

100

150

200

250

1-506-D meas. 1-506-D injected

ng
/m

3

Hg(ll) Injected Hg(0) Injected

PHg - particulate dry deposition RHg - dissolved dry deposition

RGHg - ion exchange membrane Hg(0) - big iodated carbon

Figure 7.5  Summary of the first SPDC plume-only test run at the RRF, May 1997, 
comparing flue gas input Hg species to measured plume species.  This is an example of a 
poor mass balance result due to an inlet condensation problem during the injection of 
fluegas into the SPDC.  This problem was resolved in subsequent SPDC runs.
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Figure 7.6  Summary of each SPDC plume-only run at the RRF, May 
1997, comparing fluegas input Hg species to measured plume species.   
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7.7         Observations of Particulate Hg Apportionment for Individual SPDC Runs at the RRF

An important area of uncertainty with respect to emissions of Hg from combustion sources is the
formation and amount of particulate Hg.  In one coal combustion plume study, Imhoff (1996)
observed nearly complete conversion of the fluegas Hg(II) emissions to PHg in the plume.  This
result influenced the setting of waste incinerator emission profile in the EPA Hg Report –
RELMAP model (Bullock, 1996). Since the atmospheric models are very sensitive to the
emission profile chosen, new data on plume particulate Hg will be critical to help support
accurate atmospheric modeling (Pai, 1998; Bullock, 1998).  The following section describes the
PHg for each individual SPDC run at the RRF.

The apportionment of PHg measured in each individual test run is graphically depicted in Figures
7.8 and 7.9. The first column for each SPDC test run is the “measured” PHg in the SPDC, while
the second column is the “injected” PHg based on SPDC loading volume and measured fluegas
concentration.  There was less than 0.2 ng/m3 of PHg injected into the SPDC for each run (Figure
7.8 and 7.9).  This amount of PHg injected compromises approximately 0.04% of the total Hg
injected into the SPDC.  But as mentioned above, there was a small but significant mass of
particulate loaded into the SPDC based on observations of the isokinetic quartz fiber filter.

Figure 7.8 depicts PHg results for SPDC runs that simulated dry hot summertime conditions with
a dilution ratio of 54:1 and a plume reaction time of approximately 45 minutes.  In the SPDC,
PHg was measured in both the air and by real-time filtration of wall washes to recover dry
deposited Hg.  In both cases, the PHg observed in the SPDC was much greater than PHg injected.
The air PHg concentrations are still quite small, all below 1 ng/m3, but the dry deposited PHg
measured is quite large in comparison.  There are three mechanisms to describe how dry-
deposited PHg is formed.  First, RGHg may adsorb to particles suspended in the air, then the
particles are dry-deposited to the walls.  Second, particles are dry-deposited to the SPDC walls
and then RGHg is adsorbed.  Third, during SPDC wall washing to remove dry-deposited Hg,
some dissolved Hg is very rapidly adsorbed to particles during the washing and real-time filtering
process.  All three of these mechanisms could be occurring.  Because of the way the SPDC
experiment was designed, it is impossible to know which mechanism for PHg is dominant.
However, since a small amount of PHg was measured in the air, at least we know that some PHg
is formed by adsorption of Hg onto suspended particles.

There is no significant difference between PHg observed in the SPDC, either with or without
UV-VIS light input in Figure 7.8.  One hypothesis put forward in the work proposal was that
photo-reduction of Hg(II) to Hg0 would occur on particulate matter.  This hypothesis is not
supported by this data set.

It is important to reiterate a point made in Section 7.6.  Although the amount of PHg observed in
the SPDC is much greater than the PHg injected, the concentrations are much lower than would
be predicted by the results of Imhoff (1996) or the emission profile used in atmospheric models
(Bullock, 1997a and 1997b).  Imhoff (1996) observed 100% conversion of fluegas Hg(II) to
plume PHg for a coal combustion system.  Remembering that this is municipal waste generated
fluegas, for SPDC runs 1-507-D, 2-507-L and 1-508-L (Figure 7.8), the average conversion of
injected fluegas Hg(II) to PHg (air and dry deposition) is only 19.5 ± 3.7%.  This is much lower
than Imhoff (1996) observed for coal fluegas.  Furthermore, the emission profile used in the EPA
Hg Report model for a waste incineration plant with 85% control, such as the RRF, is 0% PHg.
In this case, the ratio of PHg to total Hg (sum of species) is 12.6 ± 1.2%.
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Finally, Figure 7.9 summarizes the PHg results for the SRW SPDC runs designed to mimic a hot
severe summertime rainstorm.  In this case, most of the PHg is observed in the SRW washout
fraction.  However, after the SRW input, there is still some air concentration of PHg and some
remaining PHg dry deposited to the walls.  The dry-deposition PHg in the SRW experiments is
about 50% of the dry-deposited PHg in the non-SRW experiments as expected (Figures 7.8 and
7.9, Table 7.5).  On average, the washout of PHg is higher in the dark SRW SPDC run than
during the UV-VIS input SRW SPDC run (Figure 7.9).  Although there are too few runs to make
any certain conclusion, this may be interesting to look for in future experiments.
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Figure 7.9   Comparison of particulate Hg injected into the SPDC 
to all the measured particulate Hg in the plume for SRW SPDC 
runs at the RRF, May 1997.
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7.8         Dry Deposition and SRW Results for Individual SPDC Runs at the RRF

As discussed in Section 7.6, dry deposition and SRW are the most important processes
happening in the SPDC plume simulations.  In this section, the dry deposition and SRW are
discussed in more detail.  For each SPDC run, the plume was aged, then air samples collected,
followed by opening the top of the SPDC to do a wall rinse in order to recover dry-deposited Hg.
A total of 3 rinses was done on the SPDC.  For the first 2 rinses, particulate Hg (PHg) and
dissolved Hg (DHg) fractions were collected.  The first rinse was with Double-Deionized-Water
(DDW-DHg and DDW-PHg).  The second rinse was done with dilute HCl acid (AR-DHg and
AR-PHg).  The last water (LW-THg) rinse was done without filtration.  For SPDC runs where
SRW input occurred, both a particulate (SRW-PHg) and dissolved (SRW-DHg) fraction were
collected and measured.  The dry deposition and SRW results for all the SPDC runs at the RRF
are illustrated in Figure 7.10 (notice units are ng/sample – not ng/m3).  Two samples were broken
in transit; therefore, for samples 509-1 and 509-2, the DDW-DHg values are missing from Figure
7.10.

The first important observation is that most of the Hg is removed by the first rinse, be it DDW or
SRW (Figure 7.10).  The second acid rinse (AR-DHg and AR-PHg) and last water (LW-THg) are
small in comparison.  This provides confidence that the rinse method is working and no residual
Hg remains as carryover, which could influence the next SPDC run.

Secondly, by filtering the DDW or SRW in real-time, the partition between particulate and
dissolved Hg is accurately captured.  This shows that PHg is small in comparison to DGHg.  In
laboratory studies, it has been shown that DHg will rapidly adsorb to atmospheric particulate
matter in solution to become PHg (Seignuer et al., 1998).  Thus, collecting bulk rainwater and
bringing it back to the lab to filter and determine the partition between PHg and DHg will not be
an accurate measure of the rain.

Finally, Figure 7.10 suggests that the SRW input effectively removes PHg.  Runs 507-1, 507-2
and 508-1 have dry deposition PHg in the range of 8 ng/sample.  The average SRW PHg is also
approximately 8 ng/sample.  One possibility is that PHg is formed quite rapidly when the plume
is formed.  In the case where no SRW is input, the PHg is observed in the first DDW rinse.  For
SRW SPDC runs, the PHg that is formed in the air is then immediately washed-out by the SRW.

7.9         Mist Chamber Results for Individual SPDC Runs at the RRF

The results of mist chamber (MC) measurements for each individual SPDC run at the RRF are
summarized in Table 7.6.  There were 2 MC samples taken simultaneously.  One MC solution of
3% HCl was designed to collect and determine RGHg.  The other MC solution of 16 µMolar
H2SO4 was used to simulate cloudwater chemistry in order to mimic a combustion plume mixing
with clouds.  Also shown are field and load blanks, with calculated method detection limits
(MDL).
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The individual MC results are nearly all below the MDL.  It is surprising that there was no
RGHg observed with the MC with 3% HCl or 16 µmolar H2SO4.  There are two reasons that may
help explain these results.  First, as shown in previous figures, the majority of the RGHg has dry
deposited to the SPDC walls, thus air concentrations of RGHg are quite low (Table 7.5).
Second, it is likely that the RGHg is in the form of HgCl2, which is known to “stick” to sampling
surfaces.  The unexpected low MC results could be due to losses of RGHg on the sampling
surfaces prior to the MC.  The MC results were not needed for mass balance or other
interpretations, so they were not used.
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Figure 7.10 Apportionment of Dry Deposition and SRW Hg at the RRF, May 1997
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Table 7.6

Results of mist chamber (MC) measurements for each individual SPDC run at the RRF, May 1997.
There were 2 MC samples taken simultaneously.  One MC solution of 3% HCl was designed to collect
and determine RGHg.  The other MC solution of 16 µMolar H2SO4 was used to simulate cloudwater
chemistry in order to mimic plume mixing with clouds .  Also shown are field and load blanks, with
calculated method detection limits (MDLs).

SPDC Run
ID

MC
3% HCl
ng/vial

Vol
(m3)

RGHg
3% HCl
ng/m3

MC
16 µMolar H2SO4

ng/vial

Vol
(m3)

RGHg
16 µMolar

H2SO4

ng/m3

1-506 0.178 0.1040 2.424 0.703 0.0987 10.118

1-507 -0.010 0.0975 <blank -0.095 0.1040 <blank

2-517 0.028 0.0935 0.418 -0.075 0.0986 <blank
1-508 0.042 0.0984 0.610 -0.079 0.0934 <blank

2-508 0.037 0.0960 0.548 0.132 0.0940 1.998
1-509 0.126 0.0980 1.831 0.132 0.1000 1.876

2-509 0.036 0.0924 0.553 0.033 0.0902 0.517

Field Blank 3% HCl ng/vial Field Blank 16 uM
H2SO4

ng/vial

MC 506-0 0.0552 MC 506-0 0.0159

MC 507-0 0.0115 MC 507-0 0.0115

MC 508-0 0.0369 MC 508-0 0.1446

MC 509-0 0.0546 MC 509-0 0.0456

Mean 0.0395 Mean 0.0544

Std Deviation 0.0205 Std Deviation 0.06200

%RSD 51.9 %RSD 114.0

MDL @ 0.12 m3

(ng/m3)
0.684 MDL @ 0.12 m3

(ng/m3)
3.3817

Load Blank 3% HCl ng/vial Load Blank 16 uM
H2SO4

ng/vial

MC 506-0 0.0470 MC 506-0 0.1776

MC 507-0 0.0249 MC 507-0 0.2478

MC 508-0 0.0484 MC 508-0 0.0451

MC 509-0 0.0448 MC 509-0 0.0476

Mean 0.0413 Mean 0.1295

Std Deviation 0.01103 Std Deviation 0.10021

%RSD 26.7 %RSD 77.4

MDL @ 0.12 m3

(ng/m3)
0.368 MDL @ 0.12 m3

(ng/m3)
5.466
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8. SPDC RESULTS PEPCO DICKERSON GENERATING STATION

8.1         MESA Method Speciation Results for Dickerson

The determination of Hg speciation in the fluegas sets the baseline Hg speciation for the SPDC at time
zero of each SPDC test run.  The total Hg by MESA sum of species can also confirm the total Hg input to
the SPDC as measured independently by the isokinetic, in-stack total Hg method (see below). A MESA
method sample was collected at Dickerson during each SPDC test run and the results are summarized in
Table 8.1 and Figure 8.1.

The mean total Hg for Dickerson Unit 1 is 8.99 ± 0.64 µg/m3. The percent relative standard deviation
(%RSD) of 7.1% (n=8) for total Hg is the combination of the inherent fluegas variability and method
precision. The %RSD of 7.1% for total Hg underscores the consistency of the MESA method, coal Hg
content and boiler combustion conditions over a period of 4 days.  The mean fraction HgO is 0.27 ± 0.05.
In other words, 73% of the total Hg introduced into the SPDC in each test run is expected to be in the
form of the water soluble, reactive gas phase Hg(II) species.  As discussed in Section 6.3.1, the fraction
of Hg(II) observed at Dickerson by the MESA method may be biased high by as much as 20%.  However,
since the SO2 and NOx are both relatively low at Dickerson, it less likely that the bias is present.

8.2         Dickerson In-Stack Isokinetic (ISO) Particulate and Total Hg Results

The in-stack isokinetic (ISO) Hg fluegas measurement is critical because it determines the particulate Hg
(PHg) and total gaseous Hg (TGHg) simultaneous to the start of each plume simulation in the SPDC.
Using each ISO total Hg concentration and volume of fluegas injected into the SPDC, the total Hg
loading for each SPDC test run is calculated.  Then once the Hg speciation has been determined in the
SPDC, the sum of Hg species measured in the SPDC is calculated so that a mass balance can be
measured.  As mentioned in the last section, comparison of the ISO-Hg results with the MESA method
total Hg results helps provide a high degree of confidence in the total Hg loading into the SPDC.

The results of ISO-PHg and ISO-gaseous Hg at Dickerson are presented in Table 8.2 and Figure 8.2.  The
amount of PHg observed is very low, comprising only about 0.1% of the gaseous Hg.  The average PHg
is 0.2 µg/m3.  At Dickerson, we observed a visible cake of flyash on the quartz fiber filter, so we are
certain that particulate mass was loaded into the SPDC.

The ISO-gaseous Hg values over the 4 days of sampling averages out to be 9.29 ± 1.00 µg/m3.
The comparison of mean and standard deviation of the ISO-gaseous Hg with determination of total
gaseous Hg by the MESA method is very good. The mean and standard deviations for the MESA and in-
stack iodated carbon methods are 8.99 ± 0.64 µg/m3 and 9.29 ± 1.00 µg/m3, respectively (Figure 8.2).
The relative percent difference (RPD) between the means is 3.32%.  Individual ISO verses MESA total
gaseous Hg intercomparisons all have RPDs less than 15%, except 513-1, which is 35.2%.  This
agreement between methods, considering that the ISO and MESA samples were not collected
simultaneously and the inherent variability in Dickerson fluegas, provides an overall level of confidence
in the measurement of total gaseous Hg input into the SPDC.
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Table 8.1
MESA Method Results for Dickerson, May 1997

Dickerson parallel HgO Hg(II) TGHg

MESA Date SPDC MESA MESA MESA Fraction

Sample ID Sampled run ID µg/m3 µg/m3 µg/m3 HgO

 513-1 05/13/97  513-1 2.22 7.79 10.00 0.22
 514-1 05/14/97  514-1 1.98 7.60 9.58 0.21

 514-2 05/14/97  514-2 2.30 6.41 8.71 0.26
 514-3 05/14/97  514-3 2.87 6.38 9.25 0.31

 515-1 05/15/97  515-1 2.27 5.98 8.25 0.27
 515-2 05/15/97  515-2 2.05 7.18 9.23 0.22

 515-3 05/15/97  515-3 2.49 6.15 8.64 0.29
 516-1 05/16/97  516-1 2.82 5.40 8.23 0.34

Mean 2.38 6.61 8.99 0.27
%RSD 14.0 12.6 7.1 17.9

Figure 8.1  MESA Method Results for Dickerson, May 1997
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Table 8.2
In-Stack ISO Results for Dickerson, May 1997

Dickerson parallel ISO ISO RPD
MESA Date SPDC TGHg PHg MESA vs

Sample ID Sampled run ID µg/m3 µg/m3 ISO
 513-1 05/13/97  513-1 7.01 0.016 35.2
 514-1 05/14/97  514-1 10.28 0.100 7.1
 514-2 05/14/97  514-2 9.57 0.012 9.5
 514-3 05/14/97  514-3 9.48 0.014 2.4
 515-1 05/15/97  515-1 9.29 0.011 11.9
 515-2 05/15/97  515-2 10.07 0.011 8.7
 515-3 05/15/97  515-3 9.52 0.013 9.7
 516-1 05/16/97  516-1 9.09 0.023 10.0
Mean 9.29 0.02 3.32%
stdev 1.00 0.03

%RSD 10.8

Figure 8.2  Comparison of MESA-TGHg and ISO-TGHg Methods at 
Dickerson in May, 1997.  A mean value for both methods is also 
shown.  See Table 8.2 for a summary of the means and calculated 
RPD for each test run.
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Table 8.3
SPDC Conditions at Dickerson, May 1997

Dickerson Load Actual CONDITIONS Rxn Lab SPDC Temp.
May, 1997 Time Load Vol. Light Flush Vol. Air SRW Time Temp prior to air

Run # (min) (liters) On? (liters) Type* Input? (min) oF sampling, oF

1-513 8 19.1 N 1600 A No 50 ?65 ?66
1-514 8 19.1 N 1000 A No 47 65 66
2-514 8 19.1 Y 840 A No 49 67 90-103
3-514 8 19.1 Y 900 A No 47 69 89-103
1-515 8 19.1 N 980 A Yes 45 67 72
2-515 8 19.1 Y 1200 A Yes 45 73 91-103
3-515 8 19.1 Y 1290 A Yes 48 79 94-105
1-516 8 15.3 N 1350 A Yes 59 62 63

A=Ambient Air, L="lab" air and F=Filtered

8.3         Description of SPDC Sampling Test Matrix at Dickerson

The details of each SPDC test run at Dickerson are summarized in Table 8.3.  The SPDC load time, load
liters (fluegas) and reaction time are relatively constant.  The total ng of Hg introduced into the SPDC is
approximately 177 ng based on a load volume of 19.1 liters (Table 8.3) and total Hg concentration of
9.29 µg/m3 (Table 8.2).  The approximate concentration in the SPDC for each test run was 383 ng/m3

based on the measured SPDC volume of 0.463 m3.  The average dilution ratio was 24:1.  The basis for
this ratio was to ensure sufficient signal for each Hg species to be well above our detection limit, while
trying to maintain the dilution ratio as high as possible.  The air used for dilution was nominally ambient
air which was measured to be low in total Hg (1.73 ng/m3) compared to the plume air (∼ 380 ng/m3).  The
iodated carbon traps remove all of the large particulate and probably any other reactive gases such as
ozone.  The SPDC variables that were changed were light input and SRW.  The main purpose of adding
light to the SPDC was to determine if it would result in a Hg species transformation: namely
photodreduction of Hg(II) to Hg0.  The quartz tungsten halogen (QTH) light closely mimics the solar
spectrum.  The QTH light was put as close to the top of the SPDC as possible for maximum effect.
Injection of SRW was done to measure how much and what species of Hg are removed to the liquid
phase in a SPDC run.  The SRW was always sprayed into the SPDC simultaneous to the introduction of
the fluegas to simulate rain falling through a plume.  We had complete data for both the input air and
SPDC temperature at Dickerson.  The temperatures simulated with the SPDC are typical for summertime
at Dickerson.

8.4         SPDC Total Hg Mass Balance Results at Dickerson

Before the results of each SPDC test run at Dickerson is discussed in more detail, the total Hg mass
balance must be established as the strongest quality assurance evaluation.  In other words, the sum of the
Hg species measured in the SPDC should be equal to the amount of Hg injected based on measured
fluegas input volume and the in-stack ISO THg measurements.  Numerous other QC samples were
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collected and analyzed to assess both accuracy and precision.  For a number of species, duplicate samples
were collected and measured in the SPDC.  This includes duplicate samples of total gas phase, and
RGHg using ion exchange membranes and mist chambers.  Reagent and sample media blanks from the
laboratory and field were collected and analyzed for each plume simulation. Lab digestion and analysis
spike recoveries were also determined (See Appendix A).  Thus, the mass balance results summarized in
Table 8.4 and Figure 8.3 are quality assured by a wealth of QC data.
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Figure 8.3  Total Hg SPDC mass balance for each test run at Dickerson, May 1997.  The mean mass 
balance ratio is 1.29 + / - 0.22 for THg Sum of Species. The THg Sum of Species is calculated using the 
measured SPDC Hg air concentrations, dry deposition and SRW washout (Table 8.4).  The good control of 
SPDC total mass balance provides the necessary confidence to make detailed Hg speciation interpretations 
for each SPDC run.



37

Table 8.4

SPDC total Hg mass balance for each sample run at Dickerson, May 1997.  The injected Total Hg in the SPDC is calculated from the measured
volume and the simultaneous in-stack isokinetic PHg and TGHg determinations.  The Sum Hg Species Measured is calculated using the measured
SPDC Hg Air Concentrations (from the quartz-fiber-filter, ion exchange membranes and big iodated carbon samples), dry deposition and SRW
washout.  Hg dry deposition is the sum of all the wall rinses for both the dissolved and particulate water rinses. SRW Hg washout is the sum of
both the dissolved and particulate SRW fractions.

Dickerson Total Hg Sum Ratio Hg Hg Ratio Sum
May-97 SPDC-ISO Injected Hg Species Sum Hg

Hg
SPDC AIR CONCENTRATION DRY DEPOSITION SRW WASHOUT RHg species

Run ID Injected
ng/m3

Fraction
Hg(II)

Measured
ng/m3

Species /
Hg Injected

PHg
ng/m3

RGHg
ng/m3

Hg(o)
ng/m3

PHg
ng/m3

dissolved
ng/m3

PHg
ng/m3

dissolved
ng/m3

measured /
RGHg Injected

1-513 290 0.78 502 1.73 0.35 29.8 264.3 22.60 185 NO NO 1.05
1-514 428 0.79 497 1.16 0.49 38.6 243.0 14.93 200 NO NO 0.75
2-514 395 0.74 511 1.29 0.34 23.0 397.3 25.93 64.4 NO NO 0.39
3-514 392 0.69 576 1.50 0.48 23.9 383.0 23.56 145 NO NO 0.71
1-515 384 0.73 448 1.17 1.06 17.0 279.1 19.88 54.0 4.38 72.2 0.60
2-515 416 0.78 446 1.07 0.38 18.5 242.9 24.02 79.7 3.90 77.1 0.63
3-515 393 0.71 477 1.21 0.26 18.8 270.8 36.59 38.2 16.8 96.0 0.74
1-516 301 0.63 346 1.15 0.26 10.4 228.4 8.82 32.6 3.97 62.0 0.62

mean
Stdev
RSD%

0.73
0.05
7.4%

1.29
0.22

17.2%

0.69
0.19

27.2%
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The expected THg injected into the SPDC is calculated based on the measured volume of flue
gas injected into the SPDC and the THg concentration measured by the in-stack isokinetic
method (Column 2, Table 8.4).  The fraction of the total Hg that is injected as Hg(II) is based on
the nearly simultaneous MESA method result (Column 3, Table 8.4).  The fraction of PHg
injected is too small to be considered in the mass balance, but will be discussed in Section 8.6.
In order to calculate a mass balance, the sum of Hg species concentrations in the SPDC must be
calculated to obtain a “measured” THg concentration (Column 4, Table 8.4).  The mass balance
is then calculated as a ratio of “Sum of Hg Species” and THg injected (Column 5, Table 8.4).  A
mean mass balance ratio for all SPDC runs is calculated to be 1.29 ±  0.22.  The calculated mass
balance for the majority of the SPDC runs at Dickerson is within an acceptable range of 0.70-
1.30.  Two runs, 1-513 and 3-514, are outside of this range. Overall, for a real-world experiment,
the mass balances observed for each SPDC run at Dickerson are acceptable and allow for further
data interpretation.

For simplicity, in Table 8.4, the Hg species measured in the SPDC have been consolidated into
air concentrations of PHg, RGHg and HgO (Columns 6-8, Table 8.4). Both the PHg and
dissolved-Hg (DHg) dry-deposition fraction are the combination of Hg removed from the SPDC
walls as a result of DDW, AR and LW rinses (Columns 9-10, Table 8.4).  The last 4 SPDC runs
had SRW injected and real-time filtration to measure Hg washout of dissolved and PHg (Column
11-12, Table 8.4).  Finally, the ratio of reactive Hg (RHg) species measured in the SPDC to the
RGHg injected is calculated.  At Dickerson, the observed RHg species in the SPDC are
significantly less than the RGHg injected and quite variable.  This may suggest a conversion of
Hg(II) to Hg0 during plume aging.  This ratio of RHg observed verses RGHg injected shows no
trend between the non-SRW SPDC runs and those where SRW was injected.

The THg mass balance results are presented graphically in Figure 8.3.  Again, the good mass
balance results observed at Dickerson provide an overall high level of confidence to interpret
each individual SPDC plume simulation run.  The following sections describe in more detail the
individual SPDC test run results presented in Table 8.4.

8.5         Apportionment of Hg Species for Each Individual SPDC Test Run at Dickerson

It should be stated again that the number of SPDC runs is too small to make statistically
supported arguments.  Instead, the best that can be done in this interpretation of results is to
explain major trends and differences with respect to changing SPDC variables.

The apportionment of the Hg species measured at Dickerson for each individual test run is
graphically depicted in Figures 8.4 and 8.5.  The values graphed come from Table 8.4.  The first
column for each SPDC test run is the “measured” Hg species in the SPDC, while the second
column is the “injected” Hg species based on SPDC loading volume and measured flue gas
concentration.

Figure 8.4 depicts all the SPDC runs at Dickerson where there was no SRW input during the test
run.  These experiments were designed to observe the fate of plume Hg under hot, but dry
ambient conditions. Figure 8.5 depicts all the SPDC runs, which had SRW input simultaneous to
plume formation in the SPDC.  These experiments were designed to observe the fate of plume
Hg under hot, severe summer rainstorm conditions.
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There are 4 SPDC runs at Dickerson where the plume was aged and measured under dry
conditions (Figure 8.4).  The plume simulation conditions are similar for all 4 runs, except for
light input. SPDC runs 2-514 and 3-514 had UV-VIS light input, while runs 1-513 and 1-514
were without light.  The reaction time was 47-50 minutes for all runs. This should be enough
time to observe any significant photo-reduction effect. It appears that light input may have had an
effect in SPDC runs at Dickerson.  For SPDC runs 2-514 and 3-514, with UV-VIS light input, the
average ratio of Hg0 to all other RHg species is 2.8 (i.e., 2.8 times as much Hg0 as RHg species).
For SPDC runs 1-513 and 1-514, without UV-VIS light, the same ratio is only 1.20.  This may be
a consequence of photo-reduction reactions, either in the gas phase or on the walls of the SPDC,
which convert Hg(II) to Hg0.  With only these few data points, the light/no-light difference needs
to be confirmed with further experiments.  It would be useful to look at this phenomenon in more
detail with changing plume-aging time.
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Figure 8.4  Summary of each SPDC plume-only runs at Dickerson, May 1997, comparing 
fluegas input Hg species to measured plume species.   
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In all cases, there is more Hg0 observed in the plume than Hg0 injected (Figure 8.4).  There are
two possible explanations.  First, the fraction Hg0 to total Hg injected could be underestimated
due to the known bias for the MESA method in coal fluegas (see Section 6.3.1).  Second, there is
conversion of Hg(II) species (dry deposition, PHg or RGHg) to Hg0 as the plume ages.
Discussed above, it appears that light may enhance this conversion by photo-reduction. For 3 of
the 4 SPDC runs in Figure 8.4, the amount of RHg species measured in the SPDC is lower than
the RGHg injected (Column 13, Table 8.4).  This also supports the possibility that there is
conversion of Hg(II) to Hg0.  Using newly developed Hg speciation instruments, recent lab
results have confirmed that HgCl2 will convert to Hg0 when light and relative humidity are
present (Prestbo, 1999). If conversion of Hg(II) species to Hg0 can be confirmed, this is a very
important effect that must be considered in atmospheric models.

A small but significant amount of RGHg is observed in the SPDC (Figure 8.4).  However the
majority of the RHg observed in the SPDC is dry deposited to the walls, which is recovered
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Figure 8.5 Summary of each SPDC plume with simulated rain (SRW) at the DGS, May 1997, 
comparing fluegas input Hg species to measured plume species.
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during the SPDC wall wash as either PHg or dissolved Hg (DHg). The apportionment between
DHg and PHg dry deposition may indicate what mechanism is dominant for the removal of
Hg(II) from the air.  The average ratio of PHg to DHg is 0.19.  Therefore, much of the dry-
deposited Hg is due to adsorption of RGHg and not particle deposition.  This contradicts the
conclusion of Imhoff et al., (1996).

Injected and observed gas phase PHg was too small to show on Figures 8.4 and 8.5.  PHg will be
treated separately in Section 8.6.

The final 4 SPDC runs at Dickerson were done with simultaneous fluegas injection and SRW
input to mimic rainfall through a plume during hot summertime conditions (Figure 8.5).  After
SRW input, the plume was aged and then SPDC air concentrations and dry deposition
concentrations are measured. The plume simulation conditions are similar for all 4 runs, except
for light input, and a slight difference in reaction time.   Runs 2-515 and 3-515 had UV-VIS light
input, while 1-515 and 1-516 were without light.  The reaction time was 45-48 minutes for runs
1-515, 2-515, and 3-515, and 59 minutes for run 1-516 (Table 8.3).

In all 4 SPDC runs with SRW input at Dickerson, the ratios of RHg species measured to RGHg
input is nearly equal (Column 13, Table 8.4).  Thus there appears to be no significant photo-
reduction effect in the SRW SPDC runs, contrary to the observations for the non-SRW SPDC
runs.  Again, for all cases, there was a higher than expected fraction of HgO in the plume, than in
the input flue gas (Figure 8.5). There are two possible explanations.  First, the relative fraction of
Hg0 to total Hg injected could be underestimated due to the known bias for the MESA method in
coal fluegas (see Section 6.3.1).  Second, there is conversion of Hg(II) species (SRW, dry
deposition, PHg or RGHg) to Hg0 as the plume ages.

The most interesting result is the relatively low fraction of DHg recovered by SRW washout
(Figure 8.5).  The DHg averages only 0.45 of the total RHg species measured in each SRW
SPDC run (Table 8.4).  The average washout ratio ([Hg]rain/RGHg) for the SRW SPDC runs is
only 1.6 x 102.   Further, the average PHg to DHg in the SRW is just 0.09.  This shows that the
SRW is scavenging injected gaseous Hg(II) and not particulate Hg.  Higher washout ratios of
approximately 105 have been estimated using data from a number of worldwide locations
(Prestbo and Bloom, 1996).  The relatively lower washout ratio observed in the SPDC may be
partly due to the experimental design.  First the SRW rainfall rate is approximately 7.8 cm/hour:
not a typical rainstorm.  Second the SRW average droplet size is quite large (probably > 2 mm
diameter), thus decreasing the surface to volume ratio for efficient RGHg scavenging.  Still, the
SRW experiments at Dickerson show that washout of RGHg is expected to be an important
removal mechanism for Hg in a coal combustion plume.  In contrast, PHg washout contributes
very little of the SRW washout signal and therefore is not an important mechanism to explain Hg
deposition from a coal combustion plume.

In conclusion, there is significantly less RHg species measured in the SPDC than RGHg injected
at Dickerson.  This may be partly explained for the non-SRW runs by the conversion of Hg(II) to
Hg0 in the presence of light during plume aging (Figure 8.4).  Very little of the RGHg injected
into the SPDC remains in the gas phase; it is either rapidly dry deposited or scavenged by SRW.
PHg does not contribute significantly to either the dry deposition or SRW signal observed; rather
the Hg is predominantly DHg.
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8.6         Observations of Particulate Hg Apportionment for Individual SPDC Runs at Dickerson

An important area of uncertainty with respect to emissions of Hg from combustion sources is the
formation and amount of particulate Hg.  In one coal combustion plume study, Imhoff (1996)
observed nearly complete conversion of the fluegas Hg(II) emissions to PHg in the plume.  This
result influence the emission inventory values for coal combustion sources at 50%:30%:20%
Hg0:Hg(II):PHg for atmospheric models, even though stack fluegas PHg is usually below 2% of
the total (Bullock,1996). Since the atmospheric models are very sensitive to the emission profile
chosen, new data on plume particulate Hg will be critical to help support accurate atmospheric
modeling (Pai, 1998; Bullock, 1998).  The following section describes the PHg for each
individual SPDC run at Dickerson.

The apportionment of PHg measured in each individual test run is graphically depicted in Figures
8.5 and 8.6. The first column for each SPDC test run is the “measured” PHg in the SPDC, while
the second column is the “injected” PHg based on SPDC loading volume and measured fluegas
concentration.  There was an average of approximately 0.5 ng/m3 of PHg injected into the SPDC
for each run, except for SPDC run 1-514 at 4 ng/m3 (Figure 8.5 and 8.6).  Except for run 1-514,
this amount of PHg injected compromises less than 0.2 % of the total Hg injected into the SPDC.
Even though there was very little PHg injected into the SPDC, based on observations of the
isokinetic quartz fiber filter, there was a significant mass of particulate material loaded into the
SPDC.  Figure 8.5 depicts PHg results for SPDC runs that simulated dry hot summertime
conditions with a dilution ratio of 24:1 and a plume reaction time of approximately 49 minutes.
In the SPDC, PHg was measured in both the air and by real-time filtration of wall washes to
recover dry deposited Hg.  In all 4 cases, the PHg observed in the SPDC was much greater than
the PHg injected.  The air PHg concentrations are still quite small, all below 1 ng/m3, but the dry
deposited PHg measured is quite large in comparison.  There are three mechanisms to describe
how dry-deposited PHg is formed.  First, RGHg may adsorb to particles suspended in the air,
then the particles are dry-deposited to the walls.  Second, particles are dry-deposited to the SPDC
walls and then RGHg is adsorbed.  Third, during SPDC wall washing to remove dry-deposited
Hg, some dissolved Hg is very rapidly adsorbed to particles during the washing and real-time
filtering process.  All three of these mechanisms could be occurring.  Because of the way the
SPDC experiment was designed, it is impossible to know which mechanism for PHg is dominant.
However, since a small amount of PHg was measured in the air, at least we know that some PHg
is formed by adsorption of Hg onto suspended particles.

There is no significant difference between PHg observed in the SPDC, either with or without
UV-VIS light input in Figure 8.5.  One hypothesis put forward in the work proposal was that
photo-reduction of Hg(II) to Hg0 would occur on particulate matter.  This hypothesis is not
supported by the data set reported here.

It is important to reiterate a point made earlier.  Although the amount of PHg observed in the
SPDC is much greater than the PHg injected, the concentrations are much lower than would be
predicted by the results of Imhoff (1996) or the emission profile used in atmospheric models
(Bullock, 1997b).  Imhoff and Brown (1996) observed 100% conversion of fluegas Hg(II) to
plume PHg for a coal combustion system.  For SPDC runs 1-513, 1-514, 2-514 and 3-514 (Figure
8.5), the average conversion of injected fluegas Hg(II) to PHg (air and dry deposition) is only 8.2
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± 2.5%.  This is much lower than Imhoff and Brown (1996) observed for coal fluegas.  In this
case, the ratio of plume PHg observed (air and dry deposition) to total Hg (sum of species) is just
4.2 ± 0.86%.  This is much lower than the value of 20% used in the EPA or TEAM models
(Bullock, 1996; Seignuer, 1996).

Finally, Figure 8.7 summarizes the PHg results for SRW SPDC runs designed to mimic a hot
severe summertime rainstorm.  In this case, very little of the PHg observed is due to the SRW
fraction.  The air concentration of PHg is very low as expected due to the initial washout of PHg
by the SRW.  Surprisingly, the largest fraction of PHg in the SPDC is due to dry deposition to the
walls.  In this case, the dry deposition PHg in the SRW experiments is equal to the dry-deposited
PHg in the non-SRW experiments (Figures 8.5 and 8.6, Table 8.4).  On average, the washout of
PHg is lower in the dark SRW SPDC runs compared to light SRW SPDC runs; however, this
difference is small and there are too few runs to be significant (Figure 8.6).

Figure 8.6  Comparison of particulate Hg injected  to all particulate 
Hg measured in the plume-only runs at Dickerson, May 1997.
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8.7         Dry Deposition and SRW Results for Individual SPDC Runs at Dickerson

As discussed in Section 8.5, dry deposition and SRW washout are the important processes
occurring in the SPDC plume simulations.  In this section, the dry deposition and SRW are
discussed in more detail.  For each SPDC run, the plume was aged, then air samples collected,
followed by opening the top of the SPDC to do a wall rinse in order to recover dry-deposited Hg.
A total of 3 rinses were done on the SPDC.  For the first 2 rinses, particulate Hg (PHg) and
dissolved Hg (DHg) fractions were collected.  The first rinse was with double-deionized-water
(DDW-DHg and DDW-PHg).  The second rinse was done with dilute HCl acid (AR-DHg and
AR-PHg).  The last water (LW-THg) rinse was done without filtration.  For SPDC runs where
SRW input occurred, both a particulate (SRW-PHg) and dissolved (SRW-DHg) fraction were
collected and measured.  The dry deposition and SRW results for all the SPDC runs at Dickerson
are illustrated in Figure 8.8 (notice units are ng/sample – not ng/m3).

Figure 8.7    Comparison of particulate Hg injected  to all particulate Hg 
measured in the plume plus simulated rain water (SRW) runs at 
Dickerson, May 1997.
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Figure 8.8 Apportionment of Dry Deposition and SRW Hg at Dickerson, May 1997
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For the SPDC runs without SRW input, the majority of the RHg is removed by the DDW rinse
(Figure 8.8).  The second acid rinse (AR-DHg and AR-PHg) and last water (LW-THg) are small
in comparison.  This provides confidence that the rinse method is effective and no residual Hg
remains as carryover, which could influence the next SPDC run.  For the SRW SPDC runs, the
SRW-DHg fraction is equal in magnitude to DDW-DHg.  In this case, it seems that the SRW is
less effective at washing out RGHg, leaving a significant amount behind that comes out at DDW-
DHg.  One hypothesis is that the RGHg species is not the highly water soluble HgCl2, but rather
a combination of different Hg(II) species that are less soluble.

By filtering the DDW or SRW in real-time, the partition between particulate and dissolved Hg is
accurately captured.  This shows that PHg is small in comparison to DGHg.  In laboratory
studies, it has been shown that DHg will rapidly adsorb to atmospheric particulate matter in
solution to become PHg (Seignuer et al., 1998).  Thus, collecting bulk rainwater and bringing it
back to the lab to filter and determine the partition between PHg and DHg will not be an accurate
measure of the rain.

Again, Figure 8.8 suggests that the SRW is not removing the majority of the PHg.  More PHg is
observed as DDW-PHg than SRW-PHg for runs 515-1, 515-2, 515-3 and 516-1.  This suggests
that PHg is forming after SRW input.  Since the air PHg concentrations are small (Table 8.4), the
formation of PHg after the SRW is likely to be occurring on the walls of the SPDC.   For Runs 1-
513, 1-514, 2-514 and 3-514 nearly all of the PHg is removed in the first wash as DDW-PHg

8.8         Mist Chamber Results for Individual SPDC Runs at Dickerson

The results of mist chamber (MC) measurements for each individual SPDC run at Dickerson are
summarized in Table 8.5.  There were 2 MC samples taken simultaneously.  One MC solution of
3% HCl was designed to collect and determine RGHg.  The other MC solution of 16 µMolar
H2SO4 was used to simulate cloudwater chemistry in order to mimic a combustion plume mixing
with clouds.  Also shown are field and load blanks, with calculated method detection limits
(MDL).

The individual MC results are nearly all below the MDL.  It is surprising that there was very
little RGHg observed with the MC with 3% HCl or 16 µmolar H2SO4.  There are two reasons that
may help explain these results.  First, as shown in previous figures, the majority of the RGHg has
dry deposited to the SPDC walls, thus air concentrations of RGHg are quite low (Table 8.4).
Second, it is likely that the low MC results could be due to losses of RGHg on the sampling
surfaces prior to the MC.  The MC results were not needed for mass balance or other
interpretations, so they were not used.
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Table 8.5

Results of mist chamber Hg(II) determination in the SPDC at Dickerson, May 1997.  There were two MC
samples taken simultaneously.  One MC solution of 3% HCl was designed to collect and determine
RGHg.  The other MC solution of 16 µmolar H2SO4 was used to simulated cloud water chemistry in
order to mimic plume mixing with clouds.  Also shown are field and load blanks, with calculated method
detection limits (MDLs).

SPDC Run
MC

3% HCl Vol
RGHg

3% HCl
MC

16 µMolar H2SO4 Vol

RGHg
16 µMolar

H2SO4

ID ng/vial (m3) ng/m3 ng/vial (m3) ng/m3

1-513 0.0415 0.0990 0.595 0.1340 0.0975 1.951
1-514 0.0260 0.1005 0.367 0.1223 0.0963 1.803
2-514 0.0720 0.1000 1.023 0.1387 0.1000 1.970
3-514 0.0910 0.0950 1.360 -0.0458 0.0990 <blank
1-515 0.0541 0.0960 0.800 0.0758 0.1000 1.076
2-515 0.1161 0.0950 1.736 0.0712 0.0980 1.031
3-515 0.1051 0.0960 1.554 0.0540 0.1030 0.744
1-516 0.0358 0.0978 0.519 0.0242 0.0996 0.344
mean 0.994 1.274
stdev 0.509 0.641

Load Blank H2SO4

Solution
ng/vial Field Blank

3% HCl Solution
ng/vial

MC 513-0 0.0371 MC 513-0 0.0437
MC 514-0 0.0307 MC 514-0 0.0324
MC 515-0 0.0902 MC 515-0 0.0498
MC 516-0 -0.0154 MC 516-0 0.0350

Mean 0.0356 Mean 0.0402
Std Deviation 0.04322 Std Deviation 0.0080

%RSD 121.3 %RSD 19.9
MDL @ 0.12 m3

(ng/m3)
2.357 MDL @ 0.12 m3

(ng/m3)
0.267

Field Blank H2SO4

Solution
ng/vial Load Blank 3%

HCl Solution
ng/vial

MC 513-0 0.0308 MC 513-0 0.0309
MC 514-0 0.2629 MC 514-0 0.0599
MC 515-0 0.0672 MC 515-0 0.0624

MC 516-0 0.1807
Mean 0.1203 Mean 0.0835

Std Deviation 0.12482 Std Deviation 0.06635
%RSD 103.8 %RSD 79.5

MDL @ 0.12 m3

(ng/m3)
6.8082 MDL @ 0.12 m3

(ng/m3)
2.212
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9. OVERALL SUMMARY AND CONCLUSIONS FOR THE MARYLAND SPDC
EXPERIMENTS

At the RRF, one unexpected result was the observation of a significant fraction of Hg(II) in the fluegas
(Figure 7.1).  With the advanced air pollution control systems at the RRF, it was expected that the fluegas
would be predominantly Hg0.  In all the SPDC runs at the RRF, there was more reactive Hg (RHg)
observed in the SPDC than reactive gaseous Hg (RGHg) injected.  Furthermore, there was less Hg0

measured in the SPDC than Hg0 injected.  The trend in the RRF plume is conversion of Hg0 to Hg(II).
The RGHg injected into the SPDC, or formed during aging, is quickly dry deposited to the walls or
washed-out by the simulated rainwater (SRW) in the SPDC runs at the RRF.  SRW washout indicates
that most of the Hg is removed into the dissolved phase, not as particulate Hg, suggesting efficient
washout of gaseous Hg, not particulate Hg.  There is an overall large increase in PHg in the SPDC
compared to the amount of PHg injected, but it is less than expected based previous studies.

At Dickerson, there was less RHg observed in the SPDC than the amount of RGHg injected based on
fluegas speciation.  Also there was much more Hg0 measured in the SPDC than Hg0 injected.  It is
possible that these results can be partially explained by a bias in the measurement of fluegas speciation.
But it is also likely that there is some conversion of Hg(II) to Hg0 in the SPDC at Dickerson.  When SRW
is input, it ends up as predominantly dissolved Hg, not particulate Hg, thus gas phase Hg washout
dominates.  However, the removal of Hg by SRW is less effective than expected, as there remains a
significant amount of dry-deposited Hg after the SRW input.  There is a large increase in PHg in the
SPDC compared to the amount of PHg injected, but it is less than expected based on previous studies

10. RECOMMENDED FUTURE STUDIES

In this study, PPRP has conducted an investigation of the speciation and chemistry of Hg in the plumes of
two significant types of Hg combustion sources, an incinerator and a coal-fired power plant.  This study
was completed using a sampling device that collects in-stack plume samples and allows simulations of
various atmospheric conditions that actual plumes may experience.  In the next phase of its mercury
project, PPRP plans to conduct an ambient Hg sampling study in the vicinity of Dickerson Station to
allow further evaluations of the impact of Hg emissions.  The goal of the project will be to collect
upwind and downwind wet and dry deposition samples in the vicinity of Dickerson-RRF facilities and
analyze those samples for species of Hg, and other compounds.  The data will be used to evaluate further
the influence that relatively large combustion sources have on mercury levels in the environment.

As part of its continuing Hg work, Frontier Geosciences plans additional studies with and improvements
to the SPDC used in the current study.  The goal of future SPDC studies will be to make significant
advances in the determination of the physical and chemical transformation of Hg in combustion plumes.
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APPENDIX A

QUALITY ASSURANCE DATA TABLES

Numerous quality assurance data including laboratory analysis replicates, SPIKE recoveries, and standard reference
material (SRM) analyses were made during analytical runs for samples collected at the RRF and Dickerson in May
1997.  Results are reported in tables A-1 to A-3.

Table A-1.  Laboratory Analysis Replicate Results

Laboratory analysis replicates results are grouped by sample type in column 1 and are reported in ng/vial in columns
3-5.  The relative standard deviation (RSD%) is 9.4%.  This excellent result gives us confidence that there was good
control over the analytical procedures.

Laboratory Analysis Replicates Results RPD

Sample Type Sample ID
Dup 1
ng/vial

Dup 2
ng/vial

Dup 3
ng/via

Mean
ng/vial

or RSD
%

ISO-IC ISO-VHg-IC 0509-10B 0.29 0.67 0.48 79.2
" " 0506-A 4918 4808 4863 2.3
" " 0516-1A 1401 1761 1581 22.8

ISO-PHg ISO-PHg-0507-1 0.27 0.34 0.31 22.2
MESA-Soda Lime SLA-0506-2B 6/9 B-1 156.9 163.5 160.2 4.1

" SLA-0507-4 B-2 101.6 174.3 137.9 52.7
" SLB-0516-1A 6/9 B-1 32.04 29.95 30.99 6.7
" SLB-0506-2A 6/9 B-1 28.29 26.19 27.24 7.7
" SLB-0514-3 6/9 B-1 46.09 44.55 45.32 3.4
" SLB-0508-1 B-2 1.21 1.27 1.24 5.4

MESA MESA-0508-1A 124.1 119.2 121.7 4.1
" MESA-0507-3A 323.1 315.7 319.4 2.3

MESA IC IC-0508-2A 1.89 1.90 1.89 1.894 0.5
" IC-0509-2A 1.28 1.21 1.25 5.6
" ICA-0516-1B 87.47 89.21 93.97 90.22 3.7

Chamber Rinses 2-515-CR-AD 0.46 0.45 0.46 2.8
" 2-507-CR-AD 0.53 0.45 0.49 16.0
" 1-508-CR-LW 1.09 1.09 1.09 0.3
" 0-513-CR-WD/LW-1 6.80 6.79 6.80 0.1
" 1-516-CR-LW 3.98 3.82 3.90 4.2
" 2-509-CR-WF 2.68 2.67 2.68 0.6
" 2-508-WF 3.54 3.15 3.34 11.7
" 0-513-CR-VLW-F 2.24 2.25 2.25 0.3
" 1-513-CR-AF 2.20 2.21 2.20 0.4
" 2-514-CR-WF 9.59 9.07 9.33 5.7
" 2-508-SRW-F 12.78 12.67 12.73 0.9
" 1-515-CR-WF 5.80 5.84 5.82 0.6
" 3-515-CR-WF 13.05 13.41 13.23 2.7

FP-BIC BICB-1-508 0.55 0.49 0.52 12.4
" BICA-2-508 1.10 1.09 1.10 1.3

SPDC-IC IC-2-514-A 0.26 0.47 0.37 56.9
mean RPD%

or RSD%
9.4
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Table A-2.  Calibration and Standard Reference Material Results

The correlation coefficient (R2 ) for each analytical calibration curve is reported in column 2.   The SRM DORM-2
result (ng/ml) and recovery (%) are reported in columns 3 and 4.  The mean % recovery is 99.1%.  This excellent
result gives us confidence in the analytical conditions.

Calibration Curve SRM DORM-2 Recovery
Correlation Coefficient      Result                Recovery

Analytical Data Sheet ID R2       ng/ml                      %

082597-4 ERM Filter Packs 0.99992 5.23 112.7
082397-5 MD-ERM ISO THg 0.99998 4.70 101.2

061797 (#4) ERM MESA-ADA FETC 0.99998 4.31 92.9
071997-(04)IC digests 0.99823 4.69 101.0

070997-(05)ERM KCl sodalime dig 0.99853 4.34 93.5
060797-4 SPDC Au 0.99938 4.65 100.3

082597-5 ERM Mist Chamber 0.99644 4.57 98.5
082397-4-ERM Mist Chamber 0.99980 4.75 102.4

082897-5 MD ERM CR WATER 0.99996 4.52 97.5
082997-4 ERM IC RERUN 0.99996 4.57 98.4
970903-5 MD Rinse Blanks 0.99916 4.23 91.3

970904-4 ERM 0.99937 4.35 93.8
970904-4 ERM 0.99937 4.36 93.9

970909-4 PTI-FP,IC - ERM 0.99930 4.58 98.7
970909-4 PTI-FP,IC - ERM 0.99930 4.56 98.3

971031-4 ERM QFF [Group] 0.99984 4.59 99.0
971031-5 ERM Big IC 0.99975 4.65 100.1
971103-4 ERM Filters 0.99955 4.91 105.9
971103-4 ERM Filters 0.99955 4.59 98.9

971103-5 ERM Filters [Group] 0.99955 4.55 98.0
971103-5 ERM Filters [Group] 0.99955 4.84 104.3

MESA IC 080297-(#4) 0.99990 4.61 99.3
MESA IC 080297-(#5) 0.99998 4.57 98.5

MEAN 99.1%
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Table A-3.  Analysis Matrix Spike Recovery Results

 Analysis matrix spike recoveries are grouped by sample type and are reported (in %) in column 2.
 All but one spike recovery is in the excellent range of 90% to 110%.

Analysis Matrix Spike Recovery FP- IX, QFF& BIC
Sample ID % Recovery

IX BLANK 1 + 2.0 ng 101.7
IX BLANK 2 + 2.0 ng 91.5
IX BLANK 3 + 2.0 ng 92.2
IX BLANK 4 + 2.0 ng 89.4

FILTER BLANK 1 + 2.0 ng 109.4
FILTER BLANK 2 + 2.0 ng 89.8
IC-3-514 -A  SPK =1.00ng 102.2
BICB-2-508 SPK=1.00ng 97.8
BICA-1-509 SPK=1.00ng 99.7

Analysis Matrix Spike Recovery MESA
Sample ID % Recovery

ICA-0516-1B + 1.00ng 96.9
RB-2 +2.00ng 113.5

SLB-0515-1 6/9 B-1 +1.00ng 110.8
SLB-0509-1 B-2 +1.00ng 109.6

SLA-0513-1 6/9 B-1 +1.00ng 109.7
MESA-0508-2A MS +1.00 99.0
MESA-0510-1A MS +1.00 104.2
MESA-0507-4A MS +1.00 101.1

Analysis Matrix Spike Recovery ISO-PHg & VHg
Sample ID % Recovery

ISO-VHg-IC 0513-1B + 1.0 ng 97.0
ISO-VHg-IC 0507-1A + 1.0 ng 100.7
ISO-VHg-IC 0516-1A + 1.0 ng 99.6
ISO-VHg-IC 1-0514-A + 1.0 ng 100.1

IC-A-0515-1B  SPK=1.00ng 101.0
ISO-PHg-0507-2 SPK=1.00ng 97.9

Analysis Matrix Spike Recovery SPDC Water Samples
Sample ID % Recovery

1-507-CR-AD  SPK=1.00 98.9
1-508-CR-AD  SPK=1.00 90.6
0-506-CR-LW  SPK=1.00 105.5

2-508-CR-LW  SPK-1.00ng 96.8
1-514-CR-LW-D  SPK=1.00ng 119.5

2-515-CR-LW  SPK=1.00ng 99.3
1-516-SRW-D  SPK=1.00ng 96.9

FP-559  SPK=1.00ng 95.6
ICA-552  SPK-1.00ng 97.4

2-508-WF  SPK=1.00ng 98.7
0-513-CR-VLW-F SPK=1.00ng 98.5

1-513-CR-AF SPK=1.00ng 99.4
2-514-CR-WF SPK=1.00ng 97.3
2-508-SRW-F SPK=1.00ng 100.6
1-515-CR-WF SPK=1.00ng 102.8
3-515-CR-WF  SPK=1.00ng 104.0
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APPENDIX B

DATA TABLES OF ANALYTICAL RESULTS  FOR THE RRF, MAY 1997

Table B-1.  MESA Method Results for RRF, May 1997

RRF parallel IC-A IC-B SL-A SL-B Sampled Vol., dry Hg0 Hg(ll) THg Fraction

MESA Date SPDC MESA MESA MESA MESA volume corrected MESA MESA MESA Hg0

Sample ID Sampled run ID ng/trap ng/trap ng/trap ng/trap liters liters µg/m3 µg/m3 µg/m3

 506-1 05/06/97  506-1 144.52 0.25 205.35 19.16 30.00 4.81 7.45 12.26 0.39

 507-1 05/07/97 none 63.66 127.80 0.60 18.9 18.39 3.44 6.93 10.37 0.33

 507-2 05/07/97  507-1 252.60 172.52 0.39 41.3 40.18 6.28 4.28 10.56 0.59

 507-3 05/07/97  507-2 319.40 162.26 0.10 42.9 41.74 7.64 3.87 11.51 0.66

 507-4 05/07/97 none 236.56 1.04 181.60 0.10 39.3 38.24 6.18 4.73 10.90 0.57

 508-1 05/08/97  508-1 121.60 87.78 1.24 26.6 25.88 4.68 3.40 8.09 0.58

 508-2 05/08/97  508-2 136.88 0.19 146.00 0.78 32.5 31.62 4.32 4.61 8.93 0.48

 509-1 05/09/97  509-1 54.67 97.31 0.30 18.5 18.00 3.02 5.37 8.38 0.36

 509-2 05/09/97  509-2 53.04 88.71 0.06 22.9 22.28 2.36 3.94 6.30 0.38

 510-1 05/10/97 none 60.40 3.21 163.70 1.03 32.1 31.23 1.92 5.24 7.16 0.27

Mean 0.365 4.46 4.98 9.45 0.46

Stdev 1.84 1.32 1.96 0.13

%RSD 41.2 26.5 20.8 29.0

Table B-2.  In-stack Isokinetic Particulate and Total Gaseous Hg for RRF, May
1977

Sample ID parallel A B QFF Volume Volume, ISO ISO
SPDC PHg CO2 corrected GHg PHg

OGDEN run ng/trap ng/trap ng/trap (liters) liters µg/m3 µg/m3

ISO 1-506  1-506 4863.4 27.81 1.16 411.1 400.0 12.22 0.0026
ISO 1-507 none 405.1 14.84 0.31 44.0 42.8 9.76 0.0044

ISO 2-507  1-507 1860.1 21.45 0.59 194.0 188.8 9.96 0.0025
ISO 3-507  2-507 1721.6 11.68 0.25 194.0 188.8 9.17 0.0007

ISO 1-508  1-508 1381.9 12.45 na 175.9 171.2 8.14 0.0007
ISO 2-508  2-508 1750.8 19.01 0.56 202.4 196.9 8.98 0.0022

ISO 1-509  1-509 1824.5 6.41 1.57 188.1 183.0 9.99 0.0079
ISO 2-509  2-509 788.2 4.75 0.52 132.6 129.0 6.13 0.0031

blank 1.00 1.00 0.12

Mean
Stdev
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Table B-3.  Summary of Total Hg from SPDC Iodated Carbon Traps for the RRF, May, 1997

SPDC Hg concentrations and total ng  have been corrected for average blank values, and for dilution,
and are reported in columns 6 and 7.

SPDC IC-Hg IC-Hg IC-Hg
SAMPLE A trap B trap Volume not corrected Total Total

ID ng/vial ng/vial liters ng/m3 ng/m3 ng
506-1 NA
507-1 1.63 0.39 10.0 NA 169.2 78.3
507-2 NA
508-1 NA
508-2 1.86 0.25 10.0 NA 202.2 93.6
509-1 1.26 0.75 11.7 NA 99.7 46.1
509-2 1.25 0.37 12.5 NA 91.6 42.4

Mean Average
Blank

0.44

Stdev 0.22
RSD% 49.5

Table B-4.  Results of PHg and RGHg Determinations Using QFF and IX Membrane
Methods for Each SPDC Run at the RRF, May 1997

The SPDC PHg and RGHg concentrations and loadings have been corrected for
blank values and dilution, and are reported in columns 6–8.

OGDEN IX-A IX-B QFF FP-IX FP-QFF FP-IX PF-QFF
not not not Total Total Total Total

Sample corrected corrected corrected Volume RGHg PHg RGHg RGHg
ID ng/vial ng/vial ng/vial (m3) ng/m3 ng/m3 ng ng

1-506-FP 0.2629 0.3047 0.0264 0.0966 7.94 0.359 3.68 0.17
1-507-FP 0.4373 0.4506 0.0356 0.1030 11.83 0.462 5.48 0.21
2-507-FP 0.4840 0.3847 0.0382 0.0999 11.94 0.515 5.53 0.24
1-508-FP 0.4249 0.3962 0.0369 0.0801 14.15 0.627 6.55 0.29
2-508-FP 0.4440 0.3909 0.0434 0.0903 12.72 0.655 5.89 0.30
1-509-FP 0.3559 0.3766 0.0471 0.0880 11.41 0.732 5.28 0.34

2-509-FP 0.2962 0.3534 0.0542 0.0702 12.73 1.068 5.90 0.49

Overall field blank 0.29 0.020
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Table B-5.  Summary of the Big Iodated Carbon Traps for Hg0 Collected at the RRF, May 1997

The reported SPDC Hg0 concentrations and SPDC total Hg have been corrected for
blank value and dilution and are reported in columns 6 and 7.

A trap BIC BIC
RRF, May 1997 Blank Total Total

Sample A trap B trap corrected Vol Hg(o) Hg(o)
    ID ng/vial ng/vial ng/vial (m3) ng/m3 ng

BIC 506-1 1.017 0.624 0.338 0.0966 4.97 2.30
BIC 507-1 2.587 0.696 1.908 0.1030 26.30 12.18
BIC 507-2 2.916 0.875 2.237 0.0999 31.79 14.72
BIC 508-1 1.604 0.521 0.925 0.0801 16.39 7.59
BIC 508-2 1.216 0.742 0.537 0.0903 8.44 3.91
BIC 509-1 3.692 0.731 3.013 0.0880 48.62 22.51
BIC 509-2 1.503 0.566 0.824 0.0702 16.66 7.72

Mean Blank 0.679
Stdev 0.120

Table B-6.   SPDC Gold Samples Summarized for the RRF, May 1997

A Trap B Trap Blank Au-Total Hg Au-Total Hg

OGDEN Uncorr Uncorr Volume Corrected dil. corrected in 463 liters
Sample ID ng/trap ng/trap (liters) ng/m3 ng/m3 ng
AU 1-506 0.0140 none 3.0 2.78 3.9 1.8
AU 1-507 0.0154 0.000 3.0 -1.87 <MDL <MDL

AU 2-507 0.2851 0.014 3.1 -1.54 <MDL <MDL
AU 1-508 0.01793 0.003 4.0 -1.40 <MDL <MDL

AU 2-508 0.0241 none 3.0 -1.86 <MDL <MDL
Au 1-509 0.1501 none 3.0 -1.74 <MDL <MDL

AU 2-509 na na

Au SPDC 508-509
Blank

0.006 0.005

comments: Sample Au --509 wet, which was general problem for SRW
samples
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Table B-7. Summary of Plume SRW and Chamber Rinses

 Samples are grouped as water (W) or acid (A) rinses, and filtered (F) or
dissolved (D) samples, and are used to calculate washout and dry

deposition for the RRF in May 1997.

RRF SRW-F SRW-D CR-WF CR-WD CR-AF CR-AD CR LW TOTAL
Sample ID ng ng ng ng ng ng ng ng/run

506 1 none none 3.94 17.99 0.49 1.96 1.23 25.60
507 1 none none 7.01 34.61 0.62 2.22 1.35 45.81
507 2 none none 7.58 31.50 0.88 1.74 0.78 42.48
508 1 none none 6.22 35.54 0.69 3.12 1.09 46.66
508 2 12.73 8.78 3.43 12.86 0.64 3.15 1.65 43.24
509 1 5.73 28.57 2.85 lost 0.72 4.13 2.43 44.43
509 2 1.59 27.41 2.78 lost 0.43 4.28 3.13 39.61

Comments:  samples 509-1 and 509-2 missing CR-WD chamber rinses.

Table B-8.  Wet and Dry Deposition Summary for Plume Simulation at the
RRF in May 1997

RRF Dry Deposition Rainwater washout Dep
Sample ng ng ng ng ng Comments

ID PHg HgII PHg HgII Total
506 1 4.43 21.17 none none 25.60 condensation in inlet
507 1 7.62 38.18 none none 45.81
507 2 8.46 34.03 none none 42.48
508 1 6.91 39.75 none none 46.66
508 2 4.07 17.67 12.73 8.78 43.24
509 1 3.57 6.56 5.73 28.57 44.43 missing WD sample
509 2 3.21 7.41 1.59 27.41 39.61 missing WD sample

Comments:  Sample 506-1 load was compromised due to condensation in inlet.
Samples 509-1 & 509-2 are missing CR-WD

fractions
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Table B-9.  Summary of Mist Chamber Analytical Results for the RRF, May 1997

There were two mist chambers used for each test run, one for total Hg(II) using 3% HCl
and the other to simulate rain droplet chemistry, 10-6 M H2SO4.  The Hg(II)

concentrations have been corrected for dilution and are reported in columns 4 and 7.

MC-3% HCl Vol 3%HCl MC-16µM Vol MC-16µMH2SO4

Hg(II) Hg(II)
Sample ID ng/vial (m3) ng/m3 ng/vial (m3) ng/m3

1-506 0.178 0.1040 2.424 0.703 0.0987 10.118
1-507 -0.010 0.0975 <blank -0.095 0.1040 <blank

2-517 0.028 0.0935 0.418 -0.075 0.0986 <blank
1-508 0.042 0.0984 0.610 -0.079 0.0934 <blank

2-508 0.037 0.0960 0.548 0.132 0.0940 1.998
1-509 0.126 0.0980 1.831 0.132 0.1000 1.876

2-509 0.036 0.0924 0.553 0.033 0.0902 0.517

Mean 1.071 3.627

Stdev 0.847 4.379
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APPENDIX C

DATA TABLES FOR ANALYTICAL RESULTS FOR DICKERSON, MAY 1997

Table C-1.    MESA Method Results for Dickerson, May 1997

Dickerson Parallel IC-A IC-B SL-A SL-B Sampled Vol Hg0 Hg(II) THg Fraction

May 1997 SPDC MESA MESA MESA MESA volume corr'd MESA MESA MESA HgO

Sample ID run ID ng/trap ng/trap ng/trap ng/trap liters liters µg/m3 µg/m3 µg/m3

MESA 513-1 513-1 62.60 183.62 35.95 28.70 28.07 2.22 7.79 10.00 0.22

MESA 514-1 514-1 54.03 166.90 39.96 27.70 27.09 1.98 7.60 9.58 0.21

MESA 514-2 514-2 80.80 0.23 167.57 57.85 35.80 35.01 2.30 6.41 8.71 0.26

MESA 514-3 514-3 89.20 0.30 152.75 45.31 31.60 30.90 2.87 6.38 9.25 0.31

MESA 515-1 515-1 52.20 0.33 111.87 26.00 23.40 22.89 2.27 5.98 8.25 0.27

MESA 515-2 515-2 54.70 160.25 30.93 27.10 26.50 2.05 7.18 9.23 0.22

MESA 515-3 515-3 74.90 0.21 146.92 38.20 30.60 29.93 2.49 6.15 8.64 0.29

MESA 516-1 516-1 91.38 142.49 32.63 32.95 32.23 2.82 5.40 8.23 0.34

Blank 0.365

Mean 2.47 6.37 8.83 0.28

stdev 0.35 0.92 0.67 0.06

%RSD 14.2 14.5 7.6 19.5

Table C-2.  In-stack Isokinetic Particulate and Total Gaseous Hg for Dickerson, May 1997

Parallel QFF Volume, dry ISO ISO
Sample ID SPDC A B PHg Volume CO2 corrected GHg PHg

PEPCO run ng/trap ng/trap ng/trap (liters) liters µg/m3 µg/m3

ISO 1-513  1-513 921.1 1.01 2.25 134.2 131.2 7.01 0.016
ISO 1-514  1-514 1265.0 6.28 12.50 126.2 123.4 10.28 0.100

ISO 2-514  2-514 2222.6 5.10 2.83 237.7 232.5 9.57 0.012
ISO 3-514  3-514 2243.2 3.33 241.8 236.4 9.48 0.014

ISO 1-515  1-515 1492.7 3.81 1.88 164.5 160.9 9.29 0.011
ISO 2-515  2-515 1700.4 16.98 2.01 174.3 170.4 10.07 0.011

ISO 3-515  3-515 2063.0 2.20 2.94 221.6 216.7 9.52 0.013
ISO 1-516  1-516 1368.8 5.37 3.59 154.4 151.0 9.09 0.023

blank 1.00 1.00 0.12

Mean
Stdev
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Table C-3.  Summary of Total Hg for Iodated Carbon Traps for Dickerson, May 1997

SPDC Hg concentrations and total ng  have been corrected for average blank values, and for
dilution, and are reported in columns 6 and 7.  Four pairs of duplicate samples are listed

individually in rows 9 to 16 and are reported as average values in rows 4 to 8.

SPDC A Trap B trap Volume IC-Hg IC-Hg IC-Hg
SAMPLE not corrected Total Total

ID ng/vial ng/vial liters ng/m3 ng/m3 ng

513-1
514-1 3.36 0.24 10.2 305.3 141.3

514-2 3.59 1.80 10.2 337.3 156.2
514-3 2.90 0.30 10.9 225.8 104.5

515-1 274.5 389.8 180.5
515-2 292.1 414.8 192.1

515-3 215.4 305.8 141.6
516-1 182.2 258.7 119.8

SPDC IC 1-515 A 2.42 1.25 10.0 125.0 389.8 180.5
SPDC IC 1-515 B 5.41 1.62 10.0 424.0

SPDC IC 2-515 A 5.03 1.24 11.0 350.9 414.8 192.1
SPDC IC 2-515 B 3.55 1.68 10.2 233.3

SPDC IC 3-515 A 4.00 1.86 11.0 257.3 305.8 141.6
SPDC IC 3-515 B 3.13 0.58 11.3 173.5

SPDC IC 1-516 A 3.27 0.71 11.0 190.9 270.4 125.2
SPDC IC 1-516 B 3.26 0.87 11.0 190.0

Mean Average Blank 1.17
Stdev 0.59

RSD% 51.0
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Table C-4.  Results of PHg and RGHg Determinations using QFF and IX Membrane Methods for
Each SPDC Run for Dickerson, May 1997

The reported SPDC concentrations and total SPDC Hg load listed in columns 6 to 8 have been corrected
for blank values and dilution.

PEPCO IX-A IX-B QFF FP-IX FP-QFF FP-IX PF-QFF
Sample not not not Volume Total Total Total Total

SAMPLE corrected corrected corrected RGHg PHg RGHg RGHg
ID ng/vial ng/vial ng/vial (m3) ng/m3 ng/m3 ng ng

1-513-FP 1.0382 0.9949 0.0314 0.0966 29.77 0.35 13.78 0.16
1-514-FP 1.3245 1.1719 0.0389 0.0916 38.58 0.49 17.86 0.23
2-514-FP 0.6165 0.7085 0.0263 0.0813 23.03 0.34 10.66 0.16
3-514-FP 0.7916 0.7474 0.0380 0.0911 23.87 0.48 11.05 0.22
1-515-FP 0.4552 0.4882 0.0647 0.0782 17.02 1.06 7.88 0.49
2-515-FP 0.6241 0.5243 0.0304 0.0875 18.52 0.38 8.58 0.17
3-515-FP 0.6534 0.4091 0.0210 0.0797 18.81 0.26 8.71 0.12
1-516-FP 0.4221 0.3130 0.0266 0.0996 10.36 0.26 4.80 0.12

Overall field blank 0.20 0.08

Table C-5.  Summary of the Big Iodated Carbon Samples Collected at Dickerson, May 1997

The reported SPDC Hg0 concentrations and total Hg loads have been corrected for blank value and
dilution and are reported in columns 6 and 7.

A trap BIC BIC
Dickerson, May 1997 Blank Total Total

Sample A trap B trap corrected Vol Hg(o) Hg(o)
    ID ng/vial ng/vial ng/vial (m3) ng/m3 ng

BIC 513-1 18.769 1.561 17.977 0.0966 264.26 122.35
BIC 514-1 16.470 0.796 15.678 0.0916 243.05 112.53
BIC 514-2 23.538 0.366 22.746 0.0813 397.29 183.95
BIC 514-3 25.363 0.230 24.571 0.0911 382.99 177.32
BIC 515-1 16.160 0.366 15.368 0.0782 279.06 129.21
BIC 515-2 15.761 1.700 14.969 0.0875 242.93 112.47
BIC 515-3 15.989 1.384 15.197 0.0797 270.76 125.36
BIC 516-1 16.812 0.000 16.020 0.0996 228.40 105.75

Overnight blank 515 ON-CB 2.9110 0.000 5.959 0.49

Mean B trap 0.792
Stdev 0.663

RSD% 83.7
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Table C-6.  SPDC Gold Samples Summarized for Dickerson, May 1997

A Trap B Trap Blank Au-Total Hg Au-Total Hg
PEPCO Uncorr Uncorr Volume Corrected dil. corrected in 463 liters

Sample ID ng/trap ng/trap (liters) ng/m3 ng/m3 ng
Au 1-513 0.11122 None 3.0 37.07 52.6 24.4
Au 1-514 0.36112 None 4.0 90.28 128.2 59.4
Au 2-514 0.11926 None 4.0 29.81 42.3 19.6
Au 3-514 0.28609 None 4.0 71.52 101.6 47.0
Au 1-515 na Na na na
Au 2-515 na Na na na
Au 3-515 na Na na na
Au 1-516 na Na na na

Au SPDC 515-516
Blank

0.006 0.10

mean B trap 0.01
RSD% 56.27

Table C-7.  Summary of plume simulated rain water (SRW) and chamber
rinse (CR), water (W) and acid (A), filtered (F) and dissolved (D)

samples, which were used to calculate SRW washout and dry
deposition for Dickerson in May, 1997

Dickerson SRW-F SRW-D CR-WF CR-WD CR-AF CR-AD CR LW TOTAL
Sample ng ng ng ng ng ng ng ng/run

ID
513-1 none none 8.26 82.38 2.20 2.66 0.81 96.31
514-1 none none 5.17 89.41 1.74 2.56 0.65 99.53
514-2 none none 9.33 25.40 2.68 1.94 2.47 41.83
514-3 none none 9.74 63.17 1.16 2.55 1.24 77.87
515-1 2.03 33.45 5.82 15.82 3.38 4.17 4.99 69.66
515-2 1.80 35.69 11.12 30.97 3.10 2.81 85.50
515-3 7.76 44.44 13.23 13.88 3.71 2.79 1.01 86.82
516-1 1.837 28.71 0.69 10.17 3.39 4.90 49.70
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Table C-8.  Washout and Dry Deposition Summary for plume simulation
at Dickerson in May, 1997

Dickerson Dry Deposition Rainwater washout Dep
Sample ng ng ng ng ng

ID PHg HgII PHg HgII Total

513 1 10.47 85.84 none none 96.31
514 1 6.91 92.62 none none 99.53
514 2 12.01 29.82 none none 41.83
514 3 10.91 66.96 none none 77.87
515 1 9.20 24.98 2.03 33.45 69.66
515 2 11.12 36.88 1.80 35.69 85.50
515 3 16.94 17.68 7.76 44.44 86.82
516 1 4.08 15.07 1.837 28.71 49.70

Table C-9.  Summary of Mist Chamber Analytical Results for Dickerson, May 1997

There were two mist chambers used for each test run, one for total Hg(II) using 3% HCl and the other to
simulate rain droplet chemistry, 10-6 M H2SO4.  The Hg(II) concentrations have been corrected for

dilution and are listed in columns 4 and 7.
MC-3% Vol 3%HCl MC-16µM Vol MC-16µMH2SO4

Hg(II) Hg(II)
Sample ID ng/vial (m3) Ng/m3 ng/vial (m3) ng/m3

1-513 0.0415 0.0990 0.595 0.1340 0.0975 1.951
1-514 0.0260 0.1005 0.367 0.1223 0.0963 1.803
2-514 0.0720 0.1000 1.023 0.1387 0.1000 1.970
3-514 0.0910 0.0950 1.360 -0.0458 0.0990 <blank
1-515 0.0541 0.0960 0.800 0.0758 0.1000 1.076
2-515 0.1161 0.0950 1.736 0.0712 0.0980 1.031

3-515 0.1051 0.0960 1.554 0.0540 0.1030 0.744
1-516 0.0358 0.0978 0.519 0.0242 0.0996 0.344

mean 0.994 1.274

stdev 0.509 0.641
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APPENDIX D
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