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Mercury R&D Book Foreword

This book is very timely and important, because as I write this foreword, the U.S.
Environmental Protection Agency (EPA) is finalizing the first mercury emission
limitations on coal-fired power plants, known as the Mercury and Air Toxics
Standards (MATS) rule. This regulation will require significant reductions of the
amount of mercury (and other chemicals) contained in the coal fuel before the
flue gas is released into the atmosphere.

The information in this volume has mostly been developed over the past
decade, where I was engaged as a front line research manager for one of the
largest power companies in the United States, Southern Company, which has
many coal-fired power plants in its fleet. I have testified before the U.S. Senate
on mercury chemistry and behavior in coal-fired boilers (http://epw.senate.gov/
108th/Monroe_060503.htm), and have been in a leadership position for the
utility industry in several organizations, namely, the Electric Power Research
Institute (EPRI), the Coal Utilization Research Council (CURC), and the Utility
Air Regulatory Group (UARG). I was the project manager for one of the first full-
scale power plant tests of dedicated mercury control, at Alabama Power’s Plant
Gaston — which won an R&D Magazine “R&D 100” award in 2003. The Gaston
project involved many of the authors included in this volume, especially Tom
Feeley, Ramsay Chang, and Sharon Sjostrom. This is a subject that I know well.

In addition, several authors and I have collaborated on other related mercury
studies. One of the most intriguing was the innovative research of the fate of mer-
cury in coal power plant plumes, using first a fixed wing airplane and then an
airship for plume sampling. This effort was led by Leonard Levin of EPRI, and
included Dennis Laudal (University of North Dakota) and Jeff Ryan (U.S. EPA).
Another cooperative effort through EPRI has been the computer modeling of mer-
cury in power plants in two different efforts, led by Constance Senior and Steve
Niksa.

The utility industry was taken by surprise with the announcement by the out-
going Clinton administration that it would be subject to a Maximum Achievable
Control Technology (MACT) rule for mercury on 14 December 2000. That action
kicked the industry into a frantic search for any data or information that could
help us develop reliable control technology choices. Notably, EPRI, through the
efforts of Ramsay Chang, and the U.S. Department of Energy (DOE)’s National
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Energy Technology Laboratory (NETL), had already started working on mercury
chemistry and control for coal-fired power plants. The subsequent efforts have
largely been successful as an example of a public—private R&D partnership; where
the utility industry and the suppliers of technology and materials to the industry
worked with the DOE NETL to quickly advance the state of knowledge.

As the R&D progressed, an informal steering group of utility researchers, ven-
dors of hardware and materials, and the U.S. DOE NETL was able to leverage the
NETL funding to explore different options for controlling mercury from almost all
power plant and coal-type combinations. In the early years of R&D, we found that
we knew less and less about mercury chemistry with every new test and discovery,
as contradictory results were more the rule.

The editors have assembled an experienced group of authors to make this vol-
ume, a “Who’s Who's” of mercury research from the United States over the past
decade. I feel lucky to have worked with virtually every one of the assembled
group, and call most of them close friends. There is no better group of technical
professionals to guide you in understanding the issues of mercury in coal-derived
gas streams.

The volume is arranged in a logical sequence, beginning with the fate of mercury
in the environment, written by Leonard Levin of EPRI. The applicable regulations,
both for the United States and the international context, follow along with descrip-
tions of trace elements in coal and the means to measure mercury in gas streams.
The heart of the work is presented in the following sections on mercury chem-
istry, research programs, and the different technology systems that can be used
and adapted for mercury control. The important topic of the stability of mercury
in the solid coal combustion residues is also addressed next. Finally, the state-
of-the-art in mercury modeling, both at the fundamental and process levels, is
presented.

This is the manuscript that I — and the whole industry — needed back in 2000,
as we contemplated what we would have do to reduce mercury emissions to meet
upcoming regulations. It will serve as both a reference for those already engaged in
the research and control efforts, and as an invaluable introduction for those just
now becoming interested in the subject. I highly recommend it to the technical
reader.

October 2014 Larry S. Monroe
Georgia Power Company
Atlanta, GA, USA



Preface

This book has its genesis in a Department of Energy (DOE) Topical Report on
“Sorbents for Mercury Removal from Flue Gas” that Henry Pennline asked me to
write in 1996. As a new post-doc hired to study sorbents for the capture of mer-
cury, Henry suggested that a thorough literature review and survey would be an
excellent way to start. As the topical report progressed and was nearly complete in
1997, I suggested to Henry that we write a book about mercury in flue gas. Henry
shot this idea down at the time, correctly stating that we had much more to learn.
Henry Pennline has turned out to be the best supervisor, researcher, colleague,
and friend I could ever have. He was a little skeptical of my abilities at first, having
observed my unusual photographic memory for foods; my suit and tie attire in
the laboratory (unusual at DOE); and my dropping a large $25 quartz tube for the
micro-balance on my first day on the job. I hope I end up doing something good
in my research career to justify Henry’s faith in me.

Mercury is a semi-noble metal, with both a fascinating chemistry and numerous
applications throughout human history. Coal-derived flue gas and coal-derived
syngas are both complex stews containing numerous species and exist over a
wide temperature range at pulverized combustion and integrated gasification
combined cycle (IGCC) plants, respectively. Having completed a MS thesis on
coal gasification, I already knew going into the DOE that one could happily study
coal flue gas and syngas for many lifetimes. Being introduced to mercury at DOE,
I quickly found a terrific subject, with many wonderful colleagues.

In 1998 I met Dr Constance Senior at DOE in Pittsburgh. Constance was
leading a large DOE-funded study on the behavior of the trace elements in
coal-fired power plants. She impressed me immediately as a tenacious leader and
terrific researcher. Constance exhibited extraordinary leadership — her efforts in
corralling a large and diverse group of researchers from industry, academia, and
the government resulted in a nearly 800-page report for DOE; a special issue of
Fuel Processing Technology on the trace elements in coal-fired power plants in
2000; and a great expansion of our understanding of mercury in flue gas. I had
the pleasure of meeting Constance again at the Workshop on Source Emission
and Ambient Air Monitoring in Minneapolis in 1999. Despite the fact that I was
an unknown post-doc at DOE, she introduced me to many of the researchers
at dinner (a large pot of minestrone soup and a gigantic pizza that covered the
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entire table) in the Mall of America. I learned a lesson that day from Constance;
always be nice to your colleagues. Hopefully I have done this. Dr Senior made
Herculean efforts to help this book get completed; she is one-in-a-million.

Our work at DOE has allowed us to meet many wonderful colleagues at venues
such as the Annual Mercury Control Technology Meetings that were held in
Pittsburgh; the AIChE and ACS National Meetings; the Air Quality Conferences,
and the Mega Symposiums. At the joint ACS-AIChE National Meeting held in
the spring of 2008 in New Orleans, I recruited Tom Feeley, Ramsay Chang, and
Constance Senior to be my keynote speakers on mercury. They did an outstand-
ing job, highlighting a program that had 29 speakers on the various aspects of
mercury in coal-derived gases. The idea for the book on mercury, having never
left my mind, was revived. In 2009 I came up with a draft outline for this book,
and happily in 2010, Dr Julia Stuthe from John Wiley recruited me to organize a
book on mercury in coal-derived gases. Having already planned a book, I bent her
ears with a 40-page PowerPoint presentation, abstract, and outline over a burrito
and spicy chicken tortilla soup dinner in San Antonio during the 2010 AIChE
National Meeting. Julia — forgive me. Dr Stuthe has recently left John Wiley, and
I wish her great success. Lesley Belfit from John Wiley has done an outstanding
job in helping us complete this book.

Coal contains a trace level of mercury of approximately 0.1 ppm. Mercury is
a neurotoxin, and can travel long distances once emitted through the stacks of
coal-burning power plants. Approximately 30 —40% of the electricity in the United
States is generated through the combustion of coal. Coal is an abundant resource
in the United States — the country has a supply for at least 200 years. The challenge
is to utilize the abundant domestic coal for energy independence in environmen-
tally friendly ways.

With the US EPA issuing a national regulation on 21 December, 2011, requir-
ing 91% removal of mercury, and many states already with their own regulations,
the need exists for low-cost mercury removal techniques that can be applied to
coal-burning power plants. The injection of powdered activated carbon into the
ductwork upstream of the particulate control device is the most developed tech-
nology for mercury capture. Alternative techniques for mercury capture will also
play a role in the near future because of the numerous configurations of air pol-
lution control devices present within the power plants, as well as the many dif-
ferent coals being burned. These methods employ sorbents, catalysts, scrubber
liquors, flue gas or coal additives, combustion modification, flue gas cooling, bar-
rier discharges, and ultraviolet radiation for the removal of mercury from flue gas
streams. The DOE Mercury Program has been a huge success, spurring develop-
ment, demonstration, and commercialization of many technologies for the cap-
ture of mercury.

The future research needs for mercury control include improved sorbent-
flue gas contact, development of poison-resistant sorbents and catalysts, new
scrubber additives for retention of mercury within wet flue gas desulfurization
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(WEGD) systems, concrete-friendly activated carbons, new continuous measure-
ment methods, by-products research, and development of an ASTM standard
laboratory test for sorbent activity for mercury capture.

This book aims to cover the technologies for mercury capture and measurement
from coal-derived flue gas. The fate of mercury in the environment, a great motiva-
tion for the regulations, research, development, and commercialization of capture
and measurement methods, is covered in Chapter 1. The trace elements in coal are
detailed in Chapter 2. In addition, the regulatory issues, both in the United States
and internationally, are discussed in Chapters 3 and 4. Methods for the detection
of mercury in flue gas are covered in Chapters 5 and 6. Later chapters discuss
the many methods for mercury control, the various research programs, activated
carbon technologies, the cement industry, gasification, mercury carbon surface
chemistry, and modeling.

I thank Constance and Henry for their outstanding efforts in making this book
become a reality. Constance and Henry took my crude initial outline for the book
and greatly improved it. Tom Feeley deserves many thanks for the great success of
the DOE Mercury Program, and for supporting our in-house research on flue gas.
Gary Stiegel and Jenny Tennant from DOE have been terrific in supporting our
efforts in understanding the trace elements in gasification systems. Our authors
and colleagues Constance Senior, Henry Pennline, Larry Monroe, Leonard Levin,
Allan Kolker, Jeft Quick, Leslie Sloss, Nick Hutson, Denny Laudal, Carrie Yonley,
Tom Feeley, Ramsay Chang, Tom Gale, Brian Higgins, April Sibley, Gary Blythe,
Joe Wong, Nick Lentz, Sharon Sjostrom, Rob Nebergall, Behrooz Ghorshi, Ed
Olson, Karen Uffalussy, Jennifer Wilcox, and Steve Niksa did an outstanding
job. They are the leading figures in the mercury capture research, development,
demonstration-commercialization communities; and are also terrific colleagues
and friends. Some of our authors have been working on the mercury issue for
over 20 years.

Finally, I thank Phil and Rita Granite, for interest in mercury, suggestions over
the years for techniques for mercury control, and for being terrific parents. The
same thanks also go to my brother Larry Granite at Environmental Protection
Agency (EPA). Linda Granite has humored me, feigning interest in mercury
while we were dating (I bent her ears with papers on sorbents and photochemical
removal of mercury on our first date — a steak dinner; despite this she went out
with me again!), and has been an angel through the years as my mind is sometimes
elsewhere on the topic of mercury. Linda and our daughters Ana and Marissa
Granite always provide inspiration.

October 2014 Evan Granite
Pittsburgh, PA
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APCD
APH
BAT
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CAMR
CEMS
CFBC
CSAPR
CS-ESP
DOE
DSI
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ECN
EGU
ELV
EPA
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FF
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HELCOM
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ICR
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Best environmental practice
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Continuous emission monitoring system
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Department of Energy
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European Commission

Economizer

Electricity generating unit

Emission limit value

Environmental Protection Agency
Electric Power Research Institute
Electrostatic precipitator

Cold-side electrostatic precipitator
Hot-side electrostatic precipitator
European Union

Fluidized bed combustor
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Flue gas desulfurization

Gas hourly space velocity
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Helsinki Commission
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Industrial Emissions Directive
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Powdered activated carbon

Particulate control device
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Selective catalytic reduction
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Solvent Emissions Directive

Selective non-catalytic reduction
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United Nations Economic Commission for Europe
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1
Mercury in the Environment

Leonard Levin

1.1
Introduction

Mercury is a naturally occurring chemical element found ubiquitously through-
out both the natural and human environments. Mercury occurs throughout the
earth’s crust and is most commonly found in its geological occurrence as the min-
eral cinnabar (mercuric sulfide, HgS,). Elemental mercury, the uncombined form,
occurs at room temperature and sea level pressure as a liquid, the only chemical
element so occurring. Due to its relatively high vapor pressure, liquid mercury will
evaporate readily into the atmosphere.

Elemental mercury can be oxidized to the mercurous (Hg'*) or mercuric (Hg?*)
inorganic form in the presence of hydroxyl radicals, ozone, or a number of other
oxidizing agents. The more commonly occurring mercuric form readily recom-
bines into either water-soluble forms, such as with halogens (e.g., HgCl,), or insol-
uble salts (HgS,).

Surface exposure of geological mercury minerals or elemental mercury concen-
trations led to the presence of both elemental and inorganic mercury in the global
atmosphere, even prior to its enhanced release due to human activity after the
onset of the Industrial Revolution (mid-eighteenth century). Indeed, this ubiquity
of mercury, and its uptake by fauna via leaf stomata and root systems, leads to its
association with fossil fuels such as oil and coal. These fuels derive from burial
and metamorphosis of plant matter under anoxic conditions via stages starting
with peat formation. Core sampling of peat formations in Arctic Canada by
Givelet et al. [1] has shown transitory excursions of mercury deposition dating
from before 1700 CE attributed to wildfires set by First Nations for land clearing.

One feature of interest to investigators is the relative increase in abundance
of mercury in the environment from the pre-Columbian era to the present day,
due to human mobilization of the substance. This mobilization has occurred in
several ways, but primarily through either direct use of mercury in products or via
combustion-related emissions of fuel-associated mercury. The use of elemental
mercury in medical and consumer products has occurred over hundreds of
years, in such instances as the forming of pelts and felts into chapeaux and

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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its use in electric switches. Fuel-associated mercury continues to be released
globally in the production of power, space and process heat, process steam, and
other uses.

This relative increase in global mercury cycling in the modern era can be deter-
mined by comparing mercury concentrations at both deep and shallow depths in
cores of glacial ice or lake sediments, or by comparing global source inventories of
mercury. In the case of inventory comparisons, the modern: preindustrial ratios
are derived from separately calculating emission rates from undisturbed natural
background sources (exposed mercuriferous deposits, surface, and undersea vol-
canism) with the total of those sources and human sources (atmospheric evasion
from inactive mining sites, mineral recovery sites, point and area fuel combustion
sources, and waste sites).

Each such method has both advantages and disadvantages. Core samples can
represent localized conditions (e.g., lensing of lake sediments), while global inven-
tories are subject to large uncertainties due to spatial scaling of local measure-
ments, inaccurate extrapolation to unmeasured sources, and so on. Generally,
results indicate that, globally, there is roughly three to four times as much mer-
cury cycling through the biogeochemical and human environment currently as
there was in pre-Columbian times (see Figure 1.1) [2]. This modern: preindus-
trial ratio, however, is a global average. There are many individual experimental
samples in ice cores, peat bogs, lake-bottom sediments, and other environments
globally exhibiting much higher ratios. For example, Schuster et al. [3] found a
20-fold enhancement ratio in ice core data from the Lower Fremont Glacier, Wind
River Mountains, Wyoming, USA.

The atmospheric lifetime of vapor-phase elemental mercury is believed to be
roughly 7-12 months, in bulk, although the mean lifetime of reactive oxidized
mercury is more likely measured in days to weeks. Atmospheric oxidized mercury
may undergo chemical reduction to the insoluble gaseous elemental form, or may
be removed from the atmosphere by solution in precipitation or by dry deposition
to the earth’s surface.

Mercury concentrations in the planetary boundary layer appear to react to
changes in global input within months to years (see, for example, [5]). There is a
much longer period for aquatic systems to fully react to changes in mercury input
via deposition and runoff, but this is somewhat dependent on the trophic depth
of the ecosystem involved. Large piscivorous fish represent multiyear mercury
reservoirs whose body burden of mercury (primarily as methylmercury) acts
as multiyear transfers of an integrated record of mercury exposure from their
feeding patterns.

1.2
Mercury as a Chemical Element

Mercury is a chemical element (atomic number 80, isotope-weighted atomic mass
200.59 amu) known as a distinct substance since the earliest days of civilization.
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Figure 1.1 Global biogeochemical cycle (Modified from Selin et al. [4].) A mean

for mercury. Natural (preindustrial) fluxes enrichment factor of 3 between the prein-
(megagrams (Mg) per year) and inventories,  dustrial and present-day mercury deposition,
in megagrams, are noted in black. Anthro- based on remote sediment cores, is used as
pogenic contributions are in gray. Natural a constraint. (Figure from Selin [2] © 2009 by

fluxes augmented by anthropogenic activities Annual Review.)
are noted by gray-and-black dashed lines.

The Greek word for mercury, Y8papyvpog, means “water + silver.” This was
adapted into the Latin hydrargyros, for “water—silver.” Both terms refer to the
morphology of pure elemental mercury at room temperature, a silvery liquid,
and the only chemical element occurring in pure form as a liquid at ambient
temperatures.

The abundance of naturally occurring stable isotopes of mercury is shown in
Table 1.1 [6]. In addition, several unstable isotopes of mercury are known. One of
these, 203Hg, is commonly used as a spiked tracer in, for example, experiments
on mercury methylation in aquatic systems [7].
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Table 1.1 Background natural abundance of stable mercury isotopes.

Isotope 198 g 191g 20014g 201 g 202g 2041g
Abundance (%) 10 17 23 i3 30 7

1.2.1
Physical and Chemical Properties of the Forms of Mercury

A key variable of mercury and its chemically combined forms is its vapor pressure.
The vapor pressure is of interest because one form of transference of mercury from
the earth’s surface to the overlying atmosphere is evasion, or net positive flux into
the atmosphere [8].

1.2.2
Associations with Minerals and Fuels

Mercury is typically found in association with fossil fuels: coal, petroleum, and
natural gas. Mercury associated with coal deposits ranges globally from 0.02 to
1.0 ppmw [9]. This range is similar to that found for the occurrence of mercury in
background topsoil samples (<0.01-4.6 ppmw, [10]). Mercury association with
coal is thought to be via diagenesis in coalbeds [11, 12]: during metamorphic pro-
cesses, inclusions of pyritic minerals into coalbed fracture zones have brought
with them mercury inclusions. This is in opposition to the obvious association of
naturally occurring atmospheric mercury in surface vegetation later incorporated
into sedimentary precursors to coalbed seams. The pyritic association of mercury
in coal is primarily evident in bituminous and anthracite seams, while subbitumi-
nous and lignite coals tend to have mercury associated with organic constituents,
perhaps the remnant of mercury ligands in surface vegetal deposits. The pyrite
association is borne out by concentration enrichments of ~x100 in analyses of
pyrites from coal versus the concentrations in whole coal samples.

1.3
Direct Uses of Mercury

Mercury in medical treatment: Mercury in various chemical forms has long served
as an artisanal medical treatment. Although liquid mercury is still used in scat-
tered applications in the United States, it was more widely used in the early twen-
tieth century for treatment of venereal disease; one documented example is the
syphilis treatment of Karen Blixen (“Isaac Dinesen,” Out of Africa) in Kenya by
prescription of mercury pills [13]. Chinese herbal balls, with recommended doses
of two balls swallowed per day, have been found to have mercuric sulfide added to
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Table 1.2 Total mercury sold in pumps in the United States (pounds).

2001 Total mercury 2004 Total mercury 2007 Total mercury

12745 (6.4 ton) 13911 (7.0 ton) 10383 (5.2 ton)?)

a) http://www.newmoa.org/prevention/mercury/imerc/factsheets/pumps.cfm#4
Source: NEWMOA [19].

their composition [14]. The daily dose of mercury can amount to 1200 mg. For a
70 kg consumer, this dose is equivalent to nearly 200 000 times the Environmen-
tal Protection Agency (EPA) mercury Reference Dose of 0.1 pg kg~ day~!. More
common uses of mercury have been in medical devices such as thermometers
and sphygmomanometers; in the latter case, replacement of these devices where
mercury is employed by aneroid or digital versions has produced problematic
intercomparisons of readings [15].

Mercury in products: Mercury, particularly elemental mercury in liquid form,
has often been directly used in consumer and industrial products and processes. In
the United States, this was particularly the case for its use in batteries and switches
[16]. Another common use was as a conductor in quiet mercury switches, which
were commonly used in natural gas and petroleum distribution lines [17]. These
uses have dropped significantly in recent years (Table 1.2). One of the last remain-
ing large consumer uses for mercury is in fluorescent lamps, including compact
fluorescent lamps (CFLs), each of which typically contains several milligrams of
mercury [18].

14
Atmospheric Transport and Deposition

The concentration of mercury in ambient air is on the order of 1-5 ppt. Most
of this occurs as gaseous elemental mercury (GEM), especially above the atmo-
spheric boundary layer, although trace levels of the divalent form and even
methylmercury have been measured [20]. A recurring public fallacy is that, as
mercury is classified as a “heavy metal,” [21, 22], the substance “falls out of the
sky” quickly upon being emitted to the atmosphere. Because the mercury from
heated elevated sources disperses in the atmosphere, gravitational settling at the
atomic or molecular level does not play a role in mercury dynamics — except for
particulate-bound mercury (Hgp, primarily HgII bound to crustal and combus-
tion particles), where particle deposition velocities do play a role. The high vapor
pressure of elemental mercury serves to disperse it widely so that atmospheric
turbulence keeps GEM in the atmosphere for a lifetime of 7— 16 months (e-folding
time). This long lifetime in the free troposphere classifies mercury, particularly
elemental mercury, as a global pollutant [23].
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1.5
Atmospheric Reactions and Lifetime

Mercury released to the atmosphere from natural sources, such as volca-
noes or mercuriferous crustal deposits, is generally in the form of elemental
mercury (Hg®), commonly termed gaseous elemental mercury in its atmospheric
occurrence. Anthropogenic emissions are, in general, a mix of GEM and divalent
mercury (Hg!), referred to as reactive gaseous mercury or RGM in its atmospheric
occurrence. The lifetime of mercury species in the atmosphere is bounded by
the reaction and removal rates of the two primary species, GEM and RGM. The
oxidation of GEM to RGM by ozone, O;, has been studied by many investigators.
An important removal mechanism for RGM is due to its relatively high solubility
in precipitable water. Calvert and Lindberg [24] concluded that the single-stage
reaction Hg+ O; - HgO + O, was less likely to occur than an intermediary
unstable molecule HgO,, decaying to OHgOO, and then decomposing into
HgO + O,. Further removal reactions have been investigated; one such process,
the oxidation of Hg® by hydroxyl radical, OH, was found by Goodsite et al. [25]
to be a relatively unimportant step.

The atmospheric lifetime (average residence time) of GEM is normally assumed
to be 7—15 months. Work by Selin et al. [4] tried to refine these numbers into
the contributing factors: removal by dry deposition; oxidation to RGM by
homogeneous- and heterogeneous-phase reactions in the atmosphere; additions
by reduction reactions of RGM in the upper troposphere/lower stratosphere
(UTLS); and evasion of GEM from surface reservoirs. Each of these processes
is still poorly understood, particularly the subsidence and transport of UTLS
mercury forms. The reservoir of RGM just above the tropopause plays an
important role in nighttime subsidence peaks of RGM in the lower troposphere
[26] and in Arctic mercury depletion events (AMDEs) [27].

1.6
Mercury Biogeochemical Cycling

Once deposited to the earth’s surface, mercury may undergo a complex series of
reactions that may result in one or more steps in its biogeochemical cycling: being
re-evaded to the atmosphere, bound to organic compounds in the terrestrial
understory; dissolved in seawater and removed by binding to marine “snow” [28].

One important study of mercury dynamics in an aquatic watershed was the
Mercury Experiment to Assess Atmospheric Loading in Canada and the United
States (METAALICUS) experiment [29]. During the METAALICUS experiment,
solutions of mercuric chloride, each “tagged” with elevated concentrations of a dif-
ferent naturally occurring stable isotope of mercury, were deposited in segments
of a test watershed in Ontario, Canada. This isotope spiking allowed tracing of the
rate and partitioning of mercury introduced into each watershed compartment to
be traced over both time and space. The isotope spikes were introduced into the
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upland and wetland compartments as simulated precipitation: using fixed-wing
aircraft, solutions of isotope-spiked HgNO, were distributed over each compart-
ment just prior to or during periods of rainfall in the area. The wetland and upland
spikes were added yearly for 3 years. The waterbody spike was applied by a small
boat cruising a crisscross pattern on the lake itself; the water surface applications
occurred every 2 weeks during the open-water seasons.

METAALICUS results from the first 3 years of the study showed that mercury
movement from the application compartments (surfaces of wetlands, uplands,
and waterbody) to sequestration in soils and sediments, respectively, was still
underway at the end of the application period. Upland spike mercury was, by that
time, preferentially found (areal mass distribution) in the underlying soil, but still
progressing from the surface vegetation exposed to the original spike application.
Wetland spike mercury exhibited the opposite distribution: that addition was still
predominantly in the lowlands vegetation than in the underlying peat. Overall,
there was a 2—5% increase in peat, soil, and sediment mercury concentrations
from the 3 years’ additions.

Lake water column mercury showed an overall 53% increase in concentration
due to the introduction of the lake spike itself, while the upper layer of lake-bottom
sediments revealed a 5% concentration increase. Since Lake 658 communicates
with an adjacent shield lake via a narrow weird outflow, a 5% portion of the spike
was itself lost through the outflow. The researchers estimated that 25—30% of the
wetland and upland spikes, and 45% of the lake spike, were lost to the atmosphere
via evasion over the 3-year period.

The METAALICUS findings are significant in several regards. As the only
whole-ecosystem mercury study to date, the experiment demonstrates once more
the relatively slow response of lake bodies to changes in atmospheric deposition.
The authors conclude that lakes receiving all of their new mercury via deposition,
such as perched seepage lakes, might respond to step changes in deposition
(such as were simulated by the spike additions) over about a decade; that is,
a proportional change in water column mercury to the deposition step would
require that period of time to be reached. For drainage lakes, a longer adjustment
period can be expected.

Additionally, the findings concerning evasion losses are a critical experimental
check on assumptions used in mercury modeling. Generally, regional and global
models of mercury assume a prompt re-emission of 50% of deposited mercury
(see, e.g., [30]). This re-emitted or evaded mercury is the primary contributor to
what is generally termed the grasshopper effect [31]: successive deposition and re-
emission of mercury from lower to higher latitudes (down-gradient transport),
leading to a successive and relatively high build-up rate of mercury (and other pol-
lutants) in high temperate and boreal regions. The experiment at Lake 658 reveals
that this effect is probably dominated by evasion from oceans and water bodies
rather than terrestrial environments, and so is limited by the sum of deposition to
and native mercury emissions from those marine and aquatic environments.
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Mercury and Halogens in Coal
Allan Kolker and Jeffrey C. Quick

2.1
Introduction

211
Mode of Occurrence of Mercury (Hg) in Coal

In bituminous coals, the iron disulfide, pyrite and its FeS, polymorph, marcasite,
typically host the greatest fraction of Hg present [1-8], with lesser fractions of
Hg associated with organic matter and with non-FeS, mineral hosts. Evidence for
the occurrence of Hg and other trace metals in Fe disulfides in coal is reviewed by
Kolker [9], including crystal chemistry and controls on element substitution in Fe
disulfides and available data on Hg concentrations from direct determinations by
microanalysis. In cases where individual Fe disulfide grains in coal have been ana-
lyzed, Hg contents are in the tens to hundreds of times those in the whole coal. But
assuming that pyrite-rich coals are necessarily Hg-rich coals is an oversimplifica-
tion. A good example to the contrary is the U.S. bituminous Illinois #6 coal. This
commercially important coal has relatively high contents of total and pyritic sulfur
widely attributed to marine influence, but low to moderate Hg (and As) contents
[10-12], as the extent of substitution in Illinois #6 pyrite by impurities is relatively
small [7, 12—-14].

In low-rank coals, including lignite and subbituminous coals, Hg and S con-
tents are generally lower overall than in bituminous coals, and the proportion
of Hg occurring in association with organic material is greater [2, 15]. From the
standpoint of Hg capture, compared to bituminous coals, the lower overall Hg
content of low-rank coals is offset by the tendency of these coals to also have
lower halogen contents, and, because of their lower calorific value, the require-
ment that greater amounts of low-rank coal are needed to achieve an equivalent
energy output.

As shown elsewhere in this volume, the form of Hg in feed coal does not impact
Hg speciation at boiler temperatures. In the furnace, Hg is present in the elemental
form but it can combine to form compounds as the flue gas cools. Knowledge of
the mode of occurrence of Hg in coal has important implications for the extent to
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Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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which pre-combustion Hg control might be possible (following section), whereas
the halogen species present influence post-combustion Hg capture.

2.1.2
Effectiveness of Pre-Combustion Mercury Removal

Three approaches, coal preparation, selective mining, and upgrading low-rank
coals by drying, offer the potential to reduce Hg input to the boiler. A detailed
review of each is beyond the scope this chapter, but some of the major factors
influencing the effectiveness of pre-combustion removal are highlighted in this
section.

For coal preparation, the major factors influencing its effectiveness in Hg reduc-
tion are the mode of occurrence of Hg in coal, its particle size, and the approach
taken in preparation. For bituminous coals having pyrite as the primary miner-
alogic host of Hg, preparation by density separation, such as in a heavy media
cyclone, is more likely to be effective than methods that depend on differences
in surface characteristics, such as froth flotation, because coal and pyrite have
similar surface characteristics [16, 17]. Grain size is especially important in multi-
stage preparation circuits because gravity concentration is the dominant cleaning
method for coarse and intermediate size fractions of coal, whereas flotation is
the dominant method for cleaning fine size fractions [18]. Where pyrite occurs
primarily as framboids, their fine grain size (typically 10 pm) and presence of inter-
stitial voids filled with non-pyrite material may make them especially difficult to
remove by coal preparation. Low-rank coals having a greater fraction of organ-
ically bound Hg than bituminous coals are also less likely to be responsive to
coal preparation for Hg reduction. Recent studies by Wang et al. [19, 20] show
significant degrees of removal of Hg and/or associated elements in large-scale
preparation plants processing Chinese coals. Huggins et al. [14] determined ele-
ment concentrations, and modes of occurrence by spectroscopic methods, for
a range of major and trace elements in fractions of an Illinois #6 coal produced
by physical separation at a preparation plant. For Hg, results show a 25% reduc-
tion on a weight concentration basis for the cleaned product relative to the feed
coal, with corresponding enrichment in the reject fractions. These investigations
follow from previous work showing the effectiveness of coal preparation in reduc-
ing air toxics as a co-benefit to reducing ash and increased calorific value (e.g.,
[21-24]).

Effective reduction of Hg by selective mining requires characterization and
analysis of the coal beds being mined. This approach has been used to better
define the spatial distribution of Hg variation in bituminous coals of the Illinois
Basin in Indiana, USA [25, 26], in the Appalachian Basin of eastern Kentucky,
USA [27, 28], and in subbituminous coals of western Canada [29]. Where Hg
is concentrated by geologic processes, such as along fault-controlled zones of
mineralization, or controlled stratigraphically, such as by incursion of marine
waters, detailed characterization can be effective in delineating Hg-rich zones to
avoid in mining operations.



2.1 Introduction

Various thermal pretreatment processes have been proposed or are in place for
low-rank coals, for the purpose of enhancing power plant performance [30-32].
Thermal pretreatment can have the co-benefit of Hg reduction, as reported by
Merriam [33] for a Powder River Basin subbituminous coal and subsequently, by
Guffey and Bland [34], for a Powder River Basin coal, and a North Dakota lignite.
These studies show Hg removals in the 70—80% range with heating of both coals
to temperatures ranging from 150 to 290 °C. Mercury driven from these coals pri-
marily enters the gas stream of the process.

213
Methods for Mercury Determination

Sub-parts per million levels of Hg in coal require methods with adequate sensi-
tivity, but generally do not require the most sensitive methods used for low-level
determinations of Hg in the environment ([35], this volume). The two methods
most widely employed for analysis of Hg in coal are cold vapor atomic absorption
spectrometry (CVAA; [36, 37]), and thermal decomposition, amalgamation,
and atomic absorption spectrophotometry, otherwise known as direct mercury
analysis (DMA; [38]). Mercury concentrations normally encountered in coal are
well within the working range of either method. DMA has gained acceptance
in recent years because sample digestion, required in CVAA analysis, is not
necessary. In U.S. Geological Survey (USGS) databases discussed in this chapter,
Hg data obtained before about 2005, including coal quality (COALQUAL) [11]
were obtained by CVAA. Results for international coals in the World Coal Quality
Inventory (WoCQ)], [39]) include data obtained by both methods, depending on
the date of sample acquisition.

Other methods that have been used to determine Hg in coal include instru-
mental neutron activation analysis (INAA; [10, 40]) and cold vapor atomic fluo-
rescence spectrometry (CVAFS; [41]). INAA can be used directly on small sam-
ples, but requires sample irradiation by neutrons at a reactor facility and subse-
quent counting of gamma rays emitted at the energies of radionuclides present
[40]. CVAEFS offers better detection limits than either CVAA or DMA, with the
potential to obtain higher precision total Hg results than by the other two meth-
ods. However, CVAES has not been widely employed because low-level deter-
minations in the parts per billion range are generally not required for coal. Fur-
thermore, because total mercury contents are controlled to a large degree by Fe
disulfide minerals, sample heterogeneity, especially in pyrite content, can result
in total Hg variations for different sample splits that are larger than analytical
uncertainties by CVAFS. Other methods for Hg analysis of coal have been used
in specific applications. For example, multicollector inductively coupled plasma
mass spectrometry (ICP-MS) methods with cold vapor Hg generation have been
used in recent studies to determine variations in the natural Hg isotopic compo-
sition of coal [42, 12]. Synchrotron-based determinations of element speciation
by X-ray absorption fine structure (XAFS), which have been very useful for As in
coal, have limited applicability for Hg as only the most unusually Hg-rich coals
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have sufficient Hg to apply this method (F.E. Huggins, personal communication,
2012) [43].

2.2
Mercury in U.S. Coals

2.2.1
U.S. Coal Databases

Three large databases, described here, and several smaller ones, provide detailed
information on the Hg contents of U.S. coals. These are (i) the 1999 U.S. Environ-
mental Protection Agency (EPA) Information Collection Request (ICR) database
[44], (ii) the 2010 EPA Utility MACT ICR (MACT, maximum achievable control
technology) [45, 46], and (iii) an extensive USGS database known as COALQUAL
[11]. Each database provides coverage for a wide range of U.S. commercial coals,
but with somewhat different emphases. The two EPA databases emphasize Hg
contents of coals delivered to U.S. utility power stations, whereas the COALQUAL
database reflects the composition of coal in the ground. As noted by Quick et al.
[47], in a comparison of the COALQUAL and 1999 ICR data, sample frequency
in these databases is not production weighted and therefore, mean values for each
database are not accurate indicators of the Hg content of either in-ground or
delivered U.S. coal. The databases nonetheless provide useful comparisons with
international coal sample databases in which large numbers of samples are com-
piled and averaged.

2.2.1.1  USGS COALQUAL Database

The USGS COALQUAL database consists almost entirely of results for coal
samples collected or calculated to represent the entire thickness of a coal bed
in the ground [48, 11]. The COALQUAL data include analytical results for 7432
coal samples collected from 399 counties in 33 U.S. states. Up to 136 data fields
listing the sample type, location, and assay results are included for each sample
record. Nearly all records have complete proximate and ultimate assays as well as
major, minor, and trace-element values. Excluding weathered coal and samples
from non-producing counties, COALQUAL contains records for 4566 samples
originating from 170 of the 198 counties that produced coal during 2009 (see
comparison of databases). Most of the samples were collected as whole-bed or
bench samples from working mines. These samples give an arithmetic mean of
0.17 ppm Hg ([48]; Table 2.1), almost twice the mean Hg content in the 1999
EPA ICR for coals delivered to utilities (following section). The difference in
mean Hg contents between the USGS and EPA databases is a consequence of (i)
COALQUAL data include the portion of Hg that is removed by coal preparation
and (ii) compared to current U.S. coal production, in which the Power River Basin
is the largest single producer, COALQUAL is weighted heavily toward eastern
U.S. bituminous coals, with nearly 60% of its samples from the Appalachian Basin.
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2.2 Mercury in U.S. Coals

Whereas the EPA ICR databases are more representative of current U.S. steam
coal production, COALQUAL is nonetheless useful as a reference in comparing
U.S. and international coal samples, especially for the in-ground state.

2.2.1.2 1999 EPAICR

The 1999 ICR coal quality data [44] Originated from an ICR issued by the EPA
to inform its Section 112 rulemaking to regulate Hg emissions from electric util-
ity steam generating units. The EPA required units of 25 MW or more to report
coal origin, as well as dry-basis tonnages, ash, S, and heating value for every solid
fuel shipment received during 1999, and to periodically report fuel Hg and Cl con-
tent. This systematic data collection effort produced analyses for 152 476 samples,
which are available in four quarterly EXCEL files on an EPA website [44]. Exclud-
ing non-coal fuels and records without Hg or Cl values, the 1999 ICR includes
results for 37 916 coal samples. Limitations of these data include erroneously low
Hg values for most Gulf Coast coal, coal shipments of unknown origin (14% of
records), inconsistent reporting bases (8%), and duplicate or nominal data (4%;
[49]). Nonetheless, the 1999 ICR data were systematically collected and include
coal from most coal-producing counties. Estimates based on the 1999 ICR coal
analyses and corresponding emissions testing showed that coal burned in U.S. util-
ity boilers during 1999 contained 75 ton of Hg, of which 48 ton (64%) was emitted
to the atmosphere [50].

2.2.1.3 2010EPAICR

The 2010 ICR coal quality data originate from an ICR issued by the EPA in 2009 to
inform its Mercury and Air Toxics Standards (MATS) rulemaking effort. The data
were made available in two ACCESS databases, designated Part II [45] and Part III
[46]. Limitations of these data include inconsistent reporting units for trace and
minor elements and numerous duplicate records.

The Part II data include analyses reported by U.S. electric utilities for more
than 14 000 coal samples. Most of the samples were collected from coal shipments
delivered to power plants during 2009 and the corresponding data records include
dry-basis ash, S, Hg, and heating values. About 25% of the records also include coal
Cl content, and 10% include trace-metal content. Comparison of the Part II data
with 2009 EIA-923 data [51] showed that about one-third of the ash, S, and heat-
ing values are actually on a moist basis, rather than the dry basis indicated in the
Part II database [52]. State origins are listed for most samples and county origins
are listed for about half of the samples.

The Part ITI data include analyses for over 1600 coal samples reported by electric
utilities that were selected for mandatory emission testing to inform the MATS
rulemaking. These were feedstock samples intended to represent the coal that was
burned during the emission testing. Sample collection methods were not noted,
but probably included automated or manual sampling from feed belts, as well as
grab samples from stockpiles. Most of the data records include analytical results
for Hg, Cl, F, and trace metals, and many also include complete proximate and
ultimate analyses (moisture, ash, volatile matter, fixed carbon, heating value, C,
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H, N, O, and S). The Part III data include numerous coal blends with multiple or
uncertain origins. Nonetheless, state origins are listed for about half of the samples
and county origins are listed for about a third.

In December 2011, results from the 2010 ICR were used in developing a final
rule for MAT'S that limits emissions of Hg, other non-Hg metal air toxics, includ-
ing As, Ni, Cr, and Se, as well as acid gasses (HCI, HF; [53]). The health-based
rationale for MATS, the events leading to its approval, and the process of its imple-
mentation are covered in greater detail by Hutson [54], this volume.

222
Comparison of U.S. Coal Databases

Table 2.1 compares the halogen and trace-metal content of coal samples in the
COALQUAL, 1999 ICR, and 2010 ICR data. Note that the Hg content of coal
shipped to utilities (ICR data sets) is lower than the Hg content of the in-ground
coal resource (COALQUAL data). This difference is a result of impurities
removed from commercial coal during coal washing and selective mining of
higher quality coal [47], as well as the greater proportion of Appalachian Basin
coals in COALQUAL [11]. Similarly, Table 2.1 shows that delivered commercial
coals contain less Sb, As, Be, Pb, and Se than indicated for in-ground coal by
COALQUAL.

The lower apparent detection limit for Cl in the 2010 ICR Part III data com-
pared to the 1999 ICR is noteworthy. Because Cl promotes Hg capture, the lower
apparent detection limit for Cl should improve prediction of Hg capture for units
burning low-Cl coal. Also notable is the relatively large number of Hg analyses
in the 2010 Part II data (13 130 records) compared to other trace metals (~1000
records). The abundance of available Hg analyses for coal shipments is likely due to
mandatory reporting of coal Hg content on the U.S. Energy Information Adminis-
tration Form 923 [51]. Although the Hg content of U.S. coal shipments to electric
utilities has been reported to the EIA since 2008, these data have not yet been
published.

Publication of Hg assays collected with the EIA-923 data should eventually pro-
vide an accurate estimate of the Hg content of coal burned at U.S. electric utilities.
In the meantime, the Hg content of coal burned at U.S. power plants can be rea-
sonably estimated. This is done by assigning a Hg content to each coal shipment in
the EIA-923 data according to the shipment origin using county-average Hg con-
tents from the 1999 ICR [49]. The same estimation can be applied to Cl in coal. The
resulting estimates of the Hg and Cl contents of coal shipped to electric utilities
during 2009 are compared in Figure 2.1 with Hg contents of samples listed in the
COALQUAL, 1999 ICR, and 2010 ICR databases. Heating values, ash yields, and
sulfur contents of these databases are also compared. Note the lower ash, S, Cl,
and Hg values for the 2009 EIA-923 data, which are weighted by delivered tons,
compared to the other data sets. Comparison of the ash and S distributions helps
to explain this difference. Figure 2.1 shows that the 2010 ICR coal samples have
more S and more ash than coal delivered to U.S. power plants during 2009. This
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Figure 2.1

Comparison of megajoules per kilogram, ash, S, Cl, Hg distributions for shipped coal tons (EIA 923, 2009) with sample frequency

distributions for in-ground (COALQUAL), shipped (1999 ICR; 2010 ICR part 2), and feedstock (2010 ICR part 3) samples. Notably, sample fre-
quency distributions indicate higher ash, S, Cl, and Hg values than the shipped coal tons distributions shown at the top of the figure. Heat
and ash values for the 2009 EIA 923 data [51] were adjusted to a dry basis using estimated moisture values, whereas Cl and Hg values were
assigned to coal shipment tons by county origin based on compiled 1999 ICR data [49]. The data sets are described in the text. (Modified from
Reference [47] Copyright © 2003, Springer.)
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is consistent with the higher Hg content for the 2010 ICR coals, given that Hg is
associated with pyritic S and is abundant in high-ash waste coal. More impor-
tantly, this comparison suggests that like COALQUAL, the 2010 ICR data are
not representative of commercial U.S. coal. Consequently, the non-Hg trace-metal
content of commercial U.S. coal will likely differ from the values listed in Table 2.1
and remains uncertain. Nonetheless, the 2010 ICR data are unique in that they
are publicly available and include trace-element values for a wide range of com-
mercial U.S. coals. Consequently, these data should assist efforts to understand
the abundance, behavior, and fate of Hg and other trace metals in coal-derived gas
streams.

23
Mercury in International Coals

231
Review of Mercury in Coal in the Largest Coal Producers

China, the United States, and India, listed in order of hard coal production
rank, accounted for ~75% of 2010 world coal production [55]. If Australia,
South Africa, the Russian Federation, and Indonesia are added, these countries
accounted for more than 90% of 2010 hard coal production (Table 2.2). Of the
major coal-producing countries, detailed nationwide surveys of Hg distribution
are available only for the United States and China, as described below. For
countries lacking comprehensive surveys of Hg distribution, brief summaries of
available information are given below, together with the possible implications
of these results for Hg output from coal combustion. Where applicable, results
from the USGS WoCQI [39] are compared to other published results. WoCQI
is a publicly available database that contains analyses of 1580 samples from 57
countries, including Hg, Cl, and other relevant coal quality determinations on a
dry, whole-coal basis. For China, WoCQI contains 328 samples from 25 provinces

Table 2.2 Production data by country, listed in order of hard coal production (in
megatons).a)

China United India Austra- South Russian Indo- Kaza- PolandColum- Others World
States lia Africa Fede- nesia khstan bia total
ration

Hard 3162 932 538 353 255 248 173 105 77 74 269 6186
coal

Brown P) 65 33 67 0 76 163 6 57 0 576 1043
coal

a) 2010 data.
b) Brown coal included in hard coal data. Countries shown in bold are discussed in the text.
Source: IEA [55] Copyright © 2011, OECD/IEA.
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and autonomous regions, representing an estimated 80% of production at the
time of sampling. For major coal producers India, Australia, South Africa, the
Russian Federation, and Indonesia, WoCQI sampling is much less complete than
for China. For India, Australia, and the Russian Federation, USGS sampling is
limited to specific study areas.

23.1.1 China

China is both the world’s largest producer and user of coal. Recent compilations
confirm that Hg concentrations of coals used commercially in China are similar to
those used elsewhere [56—59], with nationwide means from studies over the last
10+ years ranging from 0.10 to 0.22 ppm [59]. The most recent compilations show
less variability and an overall value for Chinese commercial coal between 0.15 and
0.19 ppm is likely (Table 2.3). For example, Dai et al. [58] report a mean of 0.16 ppm
Hg for 1666 samples, which is identical to that determined by the USGS (0.16 ppm)
for 305 WoCQI samples, excluding 23 samples of prepared coal [60]. Streets et al.
[56] used a merged dataset of USGS results and available data from the literature
to determine a mean for China of 0.18—0.19 ppm. Ren et al. [61], as reported by
Dai et al. [58] give a mean of 0.19 ppm for 1413 samples. A subset of 619 of the
Ren et al. samples reported by United Nations Environment Programme (UNEP)
[62], give a mean of 0.33 ppm where a large proportion (21%) of samples is from
Guizhou Province. Zheng et al. [57] determined an arithmetic mean of 0.19 ppm
for 1699 samples, but with 16% (276) of these from Guizhou Province, compared
to only 5% (16 of 305) in the USGS dataset (see next section). Taken together,

Table 2.3 Compilation of results for Hg in Chinese coal (in microgram per gram).

Arithmetic mean (+s.d.) Number of samples Samples from References
Guizhou Province

0.228) 234 NA [63]
0.1 1458 NA [64]
0.19 NA NA [56]P)
0.19 1413 NA (611
0.33 619 133 (21%) 6119
0.16+0.14 305 16 (5%) [60]
0.19+1.22 1699 276 (16%) (57]
0.154 1123 NA [65]
0.18¢) ~900 NA [66]
0.163 1666 NA (58]
0.17 (U.S. mean) 7430 — [11]

NA, not available.

a) Value calculated from 14 provinces sampled and other published results.

b) Data include USGS data and other published results merged.

c) Asreported by Dai et al. [58] Copyright © 2012, Elsevier.

d) Asreported in Ref. [62] Copyright © 2011, United Nations Environment Programme.
e) Mean value noted in oral presentation.

Source: After Refs [58, 59, 62] Copyright © 2012, Elsevier; Copyright © 2006, DEStech
Publications, Inc.
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the result of various compilations of Hg in Chinese coal are comparable to the
in-ground mean for U.S. coals (0.17 ppm; [11]) both in concentration value and
numbers of samples, but unlike COALQUAL, are probably more representative
of current production.

It is apparent in coal Hg compilations for China that some provinces, especially
Guizhou, and to a lesser extent Shanxi, and Inner Mongolia, have greater variabil-
ity in Hg contents than others [56, 59, 62, 67]. Furthermore, province-wide means
for Guizhou are strongly influenced by the proportion of Hg-enriched samples
included in the data. In an analysis of USGS data for Chinese coals, Wu et al. [67]
showed that the distribution of Hg contents in Guizhou Province coals contains a
tail of values in excess of 1 ppm Hg, giving an overall mean of 0.51 ppm for 46 sam-
ples. A similar trend in Hg distribution was shown for coals in Shanxi Province.
The highest Hg values in Guizhou Province are associated with mineralized coals
produced in small-scale mines and used primarily for domestic purposes [68, 69].
While various studies [69, 70—73] have drawn attention to health risks associated
with the latter, inclusion of mineralized coal samples from small-scale workings
in database compilations to assess Hg input to the utility sector is inappropriate
and has resulted in over-estimates in the past. If mineralized coals are excluded
from those produced on a commercial scale, the province-wide mean for Guizhou
is comparable to current estimates of the nationwide mean (Figure 2.2). Consid-
eration of Hg in Chinese coals on a production-weighted basis could help refine
the estimate for China and keep pace with rapidly evolving utilization patterns.

2.3.1.2 India

India is the world’s third largest coal producer after China and the United States,
and coal accounted for 69% of India’s electric power generating capacity in 2010
[55, 74]. Coals in the Indian subcontinent originated in the Gondwana supercon-
tinent encompassing all or part of peninsular India, Australia, southern Africa,
South America, and Antarctica. These coals are dominantly of Permian age, in
contrast to Carboniferous coals of Europe and North America. Compared to Car-
boniferous coals in the northern hemisphere, Gondwana coals tend to be relatively
high in ash and low in sulfur, with a greater proportion as organic sulfur, except
where coal beds are overlain by marine sediments [75].

Unlike China and the United States, detailed studies of elemental concentra-
tions, especially Hg, in Indian coals are lacking. For example, a recent report by
Mukherjee et al. [76] on Hg emissions from industrial sources assumed a mean
value of 0.376 ppm Hg for Indian coal, based on the average of coals sampled at
eight (of about 80) operating power stations in India, whose range in Hg con-
tents was from 0.18 to 0.61 ppm. In a study of global Hg flow from coal utilization,
Mukherjee et al. [77] give a range from 0.11 to 0.80 ppm for Hg in coal from
India, but note a much smaller variation (0.11-0.14 ppm) in results provided by
the National Thermal Power Corporation of India. Rajagopalan [78] gives a range
for Hg in Indian coal from 0.26 to 0.49 ppm that was reported by Mukherjee and
Zevenhoven [79]. The number of samples on which these ranges are based, and
the analytical methods employed, are not clearly stated.
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Figure 2.2 (a) Comparison of mercury content of Chinese coals by rank. (Results from Belkin et al. [60].) (b) Comparison of Guizhou Province,
China, coals produced for power generation and industrial uses with mineralized coals. (Results from Ref. [60, 80].)



26

2 Mercury and Halogens in Coal

USGS sampling in India (102 samples; [39]) is limited to the Sohagpur Basin, an
important Permian coal basin, together with reconnaissance sampling of younger,
Tertiary coals having more limited commercial use. Together, these samples give
a mean Hg value of 0.09 ppm. Additional sampling is required to determine an
overall Hg content of Indian coals similar to values obtained by more comprehen-
sive sampling in China and the United States. Coal washing is widely employed
in India to reduce high-ash contents, a characteristic of some Gondwana coals.
Additional characterization is needed to determine the effect of coal washing on
Hg contents and to expand the information available on Hg in Indian coals.

2.3.1.3 Australia

Australia is the largest hard coal exporter (298 Mton in 2010) and the fourth largest
producer [55]. Australia relied on coal for 77% of its 2010 power generation needs
[55]. Mercury contents in Australian coals are low by international standards. In
estimating Australia’s atmospheric Hg emissions, Nelson [81] assumed a mean
value of 0.05 ppm Hg for Australian hard coal, based on work by Dale [82] and
Riley et al. [83], giving mean values of 0.045 and 0.040 ppm, respectively, on an as-
received basis, for a suite of 100 Australian hard coals. A mean value of 0.08 ppm,
on a dry basis, was assumed for Australian brown coals, as noted by Brockway
et al. [84]. Most Australian hard coals are Permian in age, whereas brown coals are
Tertiary. Mercury contents in Australian export coals are especially low, ranging
from 0.01 to 0.08 ppm, with a mean of 0.02 ppm according to CSIRO [85]. Only 10
samples are included in WoCQI for Australia. Four export bituminous coals from
the Bowen Basin, Queensland, have Hg contents ranging from 0.011 to 0.026 ppm
on a dry, whole-coal basis [39]. One low-rank coal has a much higher Hg concen-
tration (0.16 ppm), consistent with higher Hg values for low-rank coals suggested
by Brockway et al. [84]. Of four bituminous coals investigated in detail in an inter-
national round robin study of methods for determining element affinities in coal
[86], the Wyee (Australia) coal had the lowest pyritic S content (0.05wt%) and
the lowest Hg content (0.01 ppm; [87, 4]). As part of a more recent study of ele-
ment modes of occurrence, Riley et al. [88] determined Hg contents by cold vapor
atomic fluorescence for six Permian and Triassic Australian coals, including sev-
eral blended coals. These six samples give a mean of 0.050 ppm Hg and a median of
0.022 ppm, reflecting one sample (GG) of high sulfur coal, formed under marine
influence, having a Hg content of 0.16 ppm. Selective leaching studies of these six
coals are consistent with pyrite as the predominant mineral association for Hg
[88].

2.3.14 South Africa

South Africa is of particular interest from the standpoint of Hg emissions because
it has the highest proportion of its electricity produced by coal combustion (93%;
[74]), and is a major user of coal for liquid fuels. South Africa is also the world’s fifth
largest hard coal producer and a significant (68 Mton) coal exporter [55]. There is
considerable range in coal products produced, both by natural variation in qual-
ity and by coal beneficiation, with the best quality (lowest ash, highest calorific
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values) coals produced for export and higher ash coals retained for domestic use
or rejected (C. van Alphen, personal communication, 2011) [89]. This variation
likely contributes to a considerable range in Hg content, even for a single coal by
a single producer, with export coals expected to be lowest by virtue of removal of
mineral matter, including pyrite. A large portion of coal production and genera-
tion capacity has traditionally come from central coalfields within the main part of
the Permian Karoo Supergroup in Mpumalanga Province, including the Witbank,
Highveld, and Ermelo coals. The Witbank and Highveld coals are approaching
exhaustion. The largest remaining coal reserves are in the Waterburg coalfield in
Limpopo Province to the northwest; together these three coal fields constitute
more than 70% of total reserves in South Africa [90].

Wagner and Hlatshwayo [91] determined a series of potentially hazardous trace
elements in five Highveld coals, giving a range of 0.04—0.27 ppm Hg and a mean
of 0.15+0.05 ppm. These authors recognized that many of the element concen-
trations determined were either less than or comparable to global values for coal
with the exception of Cr, which is noticeably higher. Bergh et al. [17] investigated
the potential for trace-element reduction by beneficiation of the Witbank no. 4
coal. The no. 4 coal has a higher ash yield than the no. 2 coal, historically the most
important producer in the Witbank coalfield, but whose reserves are declining.
Bergh et al. [17] give a mean of 0.3 ppm Hg for an unspecified number of run-
of-mine samples of the Witbank no. 4 coal. Extents of trace-element reduction by
dense media and by froth flotation were investigated, with dense media benefici-
ation showing a greater reduction of pyrite-associated elements such as Hg.

Reconnaissance USGS sampling of South African coals (40 WoCQI samples,
major coalfields represented; [39]), gives a mean of 0.20 ppm Hg for 11 samples
of Highveld coal, comparable to findings of Wagner and Hlatshwayo [91]. But for
10 samples of Witbank coal, the mean is only 0.045 ppm, excluding one Witbank
sample with 0.83 ppm Hg. The ash yield of the 10 USGS Witbank samples ranges
from only 7.2% to 16.4%, suggesting these are export coals, whereas the outlier
with 0.83 ppm Hg has an ash yield of 32.5% (Figure 2.3). USGS results confirm
that Highveld coals are especially Cr-enriched, in agreement with Wagner and
Hlatshwayo [91] and consistent with possible exposure of chromite-(Fe?*Cr,0,)
bearing source rocks during Karoo sedimentation.

Wagner and Tlotleng [92] prepared and analyzed density fractionated mineral
concentrates from four Waterburg coal samples. Results show a strong association
of As with the most pyritic fractions for all four samples and a more variable mode
of occurrence for Hg, which includes a pyritic association for three samples from
the Grootegeluk formation. These results suggest that Waterburg coals may be
amenable to reduction of As and Hg by coal preparation.

2.3.1.5 Russian Federation

Russia has the world’s second largest coal reserves, after the United States, and
currently (2010) is the sixth largest hard coal producer (248 Mton) immediately
following South Africa [55]. Thermal power stations account for nearly 70% of
the power generation sector in the Russian Federation, but the majority of these
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Figure 2.3 Plot showing variation in Hg as four other WoCQI samples — two with
content as a function of Fe content (a proxy unidentified locations and two from other
for pyrite) for reconnaissance USGS sampling coalfields (Hg in these four samples ranges
of South African coals from four coalfields. from detection limit to 0.62 ppm). Low-Hg
Both parameters are expressed on a dry, Witbank samples (lower left) are probably
whole-coal basis. One Witbank sample with  export coals (see text).

1.24% Fe and 0.83 ppm Hg is omitted as well

plants are gas-fired. Coal accounts for nearly 30% of this capacity, comprising
about 20% of overall electric power generation [93, 94]. Although coal is pro-
duced in several parts of the Russian Federation and adjacent areas of Ukraine
and Kazakhstan, three coal basins, the Ekibastuzsk Basin in northeastern Kaza-
khstan bordering Siberia, the Kuznetsk Basin in southwestern Siberia, and the
Kansk-Achinsk Basin, also in Siberia, accounted for about 60% of the coal used
for power generation in 2007 [95, 94]. Of these, the Kuznetsk Basin is the primary
source of coal produced for export, whereas in the Kansk-Achinsk Basin, brown
coals are produced, with use outside of Siberia limited to small amounts that are
shipped to European Russia [94].

Mercury contents of Russian coals show some variability within and between
major coal basins, but available data for areas with the greatest production are well
within international standards. Mercury contents of Kuznetsk coals tend to be on
the low side, with an average of 0.06 ppm given by ACAP [96] for coal produced
in 40 mines, similar to that reported by Meij and te Winkel [97] about 0.05 ppm
for Kuznetsk coal exported to the Netherlands. Higher Hg contents have been
reported for some basins. The Donets Basin (Donbas region) of eastern Ukraine
and adjacent parts of the Russian Federation has historically been an important
coal-producing region, especially for metallurgical coals. These coals are known to
have relatively high Hg concentrations with Hg enrichment that is controlled geo-
logically by faulting and other structures. Kolker et al. [98] report a mean content
of 0.68 ppm Hg for 29 samples of commercial coal collected from active mines in
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the vicinity of Donetsk, Ukraine, but this is reduced to 0.43 ppm for 17 samples
if 11 samples from the mining district closest to the geologic Hg source, and one
outlier with 3.5 ppm Hg, are excluded. On a nationwide basis, the proportion of
Hg-enriched coals used for power generation in the Russian Federation is likely
to be small, as commercial coal production is dominated by three main sources,
each having low to moderate Hg contents.

2.3.1.6 Indonesia

Indonesia is the world’s largest producer of brown coal (163 Mton), the second
largest hard coal exporter (162 Mton) after Australia, and the seventh largest
hard coal producer (173 Mton; [55]). Indonesia’s production is likely to increase
as new coal fields are developed. Coal in Indonesia is present in a series of
shallow, geologically young basins that are distributed across the archipelago. As
a result, 85% of coal produced in Indonesia is lignite or subbituminous in rank.
In a study of trace elements in coal imported to the Netherlands, Indonesian
coal is at the lower end of the range of Hg concentrations in coal from 14
countries, with a mean value <0.10 ppm [97]. In an effort to better define the
environment of deposition of coals in Kutai Basin, East Kalimantan, Widodo
et al. [99] examined the distribution of pyrite in these coals and found excellent
correlations between the occurrence of pyrite and total iron content, which likely
extends to Hg.

Detailed geochemistry for eight samples of in-ground Indonesian coal is given
by Belkin and Tewalt [100]. These are the only Indonesian samples in the USGS
WoCQI database, but give a range in rank (lignite B to semi-anthracite) and geo-
graphic distribution. Most of these samples are low in S, as is typical of Indonesian
coals. These eight samples give a mean Hg content of 0.10 ppm with a range of
0.02-0.19 ppm, and Cl contents ranging from <150-300 ppm, with a mean of
260 ppm.

24
Halogens in Coal

2.4.1
Introduction

Information on the controls and natural variation of halogens in coal is provided
here as background to their impact on mercury capture in combustion systems. In
general, halogen contents of coals used for power generation increase with rank,
which, in the absence of localized thermal sources, corresponds to depth of burial
or paleo-depth in coal-forming sedimentary basins. This is because the salinity of
formation waters and the concentration of dissolved constituents such as halo-
gens increase with depth in sedimentary basins, and halogen concentrations are
influenced by exchange between formation waters and coal.
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2.4.1.1  Chlorine (Cl)

Elemental Hg is a semi-noble metal, exceedingly water insoluble, and difficult to
capture by adsorption on unpromoted activated carbons, or by absorption in wet
scrubbers. Compounds of mercury, such as mercuric chloride, have some water
solubility, and are more amenable to capture by sorbents or scrubbers. Halogens
such as Cl can also facilitate the oxidation of mercury by selective catalytic reduc-
tion (SCR) catalysts located upstream of wet scrubbers. At flue gas temperatures,
the Cl content of coal strongly influences Hg speciation, converting Hg® present at
boiler temperatures to oxidized forms that can react with Cl species in the flue gas
to form Hg—Cl complexes or compounds. These Hg— Cl complexes or compounds
can be captured by air pollution control devices or taken up by halogen-doped sor-
bents (“[100], [101,102], this volume” or equivalent.). The proportion of oxidized
Hg formed in combustion systems increases with increasing Cl, for coals having
Cl contents between about 100 and 1000 ppm Cl [7, 104].

The range in coal Cl values shown to be effective in enhancing Hg capture is
rank-dependent and corresponds to values typically found in bituminous coals
[105, 106]. Yudovich and Ketris [105] compiled CI data for coals throughout
the world and their ashes. This compilation gives a median Cl concentration in
hard coals (340 +40 ppm) that is roughly three times that for lignites (brown
coals; 120 + 20 ppm). The world value for hard coal and the mean for Chinese
coal (255 ppm; [58]) are comparable. Both values are lower than the U.S. mean
(614 ppm; [11, 107]) that is elevated by the predominance of eastern U.S.
bituminous coals in COALQUAL.

U.S. coals show rank dependence of Cl concentration (Figure 2.4a) and con-
siderable variation within and between U.S. coal basins [106]. In the Appalachian
Basin, Bragg et al. [106] have shown that chlorine contents have a pronounced
stratigraphic dependence with the highest mean concentrations found in the
lowermost coals sampled (Table 2.4). A similar variation in Cl contents with
depth has been observed in the Illinois Basin (USA), with concentrations ranging
from below detection at outcrop to 0.8 wt% in the deepest part of the basin [108,
109]. Some of the highest Cl values shown in Figure 2.4a for the U.S. Interior
Province correspond to deep-basin samples from the Illinois Basin. Variation
in CI contents with depth in the Illinois Basin is attributed to equilibration
with groundwater whose salinity increases with depth. For 13 mines in which
Cl was determined for both coal and ground water, a correlation coefficient
of 0.93 was obtained for these two parameters [108]. Elsewhere, proximity to
geologic structures that have acted as pathways for influx of Cl-bearing fluids
can result in localized Cl enrichment. This is thought to be the case in the
Southwestern reserve district of eastern Kentucky, USA, where the major coal
beds present have higher mean Cl contents than their equivalents elsewhere in
eastern Kentucky [28]. Whereas Cl is desirable for its capacity to enhance Hg
capture, at high concentrations it can be deleterious. Chlorine contents greater
than about 0.3 wt% are known to cause significant fouling and corrosion of boilers
[109]. Moreover, HCI emissions from Cl in coal are regulated under the new
MATS rule.
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Chlorine in coal by rank and origin (162 coal-producing counties)
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Figure 2.4 (a,b) Plots showing variation of  carbon values are mostly from COALQUAL

county-average Cl and Br contents of U.S.
coal with ASTM [110] coal rank and geo-
graphic origin. County-average values were
calculated from at least five samples. With a
few exceptions, Cl values are from the 1999
ICR, Br values are from COALQUAL, mega-
joules per kilogram values are mostly from
year 2005 EIA-423 coal shipment assays with
a few from the 1999 EIA-423 data, and fixed

with a few from Keystone. Additional data
from the lllinois Geological Survey, which
include Br and Cl values for coal from 12
counties in lllinois, were also used. The data
sets have been described elsewhere [111].
Compared to Cl, relatively few data are avail-
able for Br in lower rank U.S. coal. (Modi-
fied from Reference [7] Copyright © 2006,
Elsevier.)
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Table 2.4 Mean chlorine content of coal by formation in the central Appalachian Basin,
Pennsylvania, and West Virginia, USA.

Age Formation Number of samples Mean (ppm)a)
Permo-Pennsylvanian Dunkard Group 44 162
Upper Pennsylvanian Monongahela 73 477
Upper Pennsylvanian Conemaugh 41 828
Middle Pennsylvanian Allegheny 709 1097
Middle Pennsylvanian KanawhaP) 36 1408
Lower Pennsylvanian New RiverP) 56 1503

Formations are listed in order of increasing age.

a) Detection limit is 100 ppm. In calculating mean, non-detects are assumed to contain 70%
of the detection limit.

b) Samples from southern West Virginia; other samples are from Pennsylvania.

Source: Ref. [106].

The mode of occurrence of Cl in coal has drawn considerable attention in part
because of boiler corrosion problems caused by coals with excessive Cl contents
and in part because multiple forms of Cl have been suggested, which has led to
considerable disagreement. Major forms recognized or suggested include inor-
ganic Cl in mineral chlorides or other mineral matter in coal, organically bound
Cl, and chloride anions present within moisture in coal [105, 112, 113]. Huggins
and Huffman [112] used Cl K-edge XAFS spectroscopy to investigate the mode
of occurrence of Cl in bituminous and low-rank coals and compare Cl in raw
coals with that in cleaned coals, and before and after aqueous leaching treatments.
These authors found that hydrated chloride species provided a much better fit to
the Cl K-edge X-ray absorption near edge structure (XANES) spectra obtained for
arange of U.S. and UK. coal samples than either a series of organochlorine com-
pounds or crystalline NaCl. They concluded that in coals with typical Cl contents,
Cl is present as chloride anions associated with coal moisture and weakly bound
to the surfaces of micropores in coal macerals by organic—ionic complexes [112].
A similar model was advanced for Br (following section).

2.4.1.2 Bromine (Br)
Compared to Cl, on a molar equivalent basis, Br is a much more effective oxidizer
of Hg in power plant flue gas ([102], this volume). As a result, the native Br content
in coals may be even more important than Cl in determining the extent of spon-
taneous Hg oxidation and self-capture in combustion systems [104, 114—117].
For coals that are low in halogens, including many low-rank coals, this has led
to the suggestion that limited addition of Br would effectively enhance Hg oxida-
tion and capture [117]. As a result, a range of Br-based commercial sorbents has
been developed, particularly for use with subbituminous coal ([103], this volume).
Like Cl, the absolute concentration of Br in coal is rank-dependent (Figure 2.4b).
However, the proportions of Br and Cl are relatively constant. Vosteen et al. [117]
reviewed the native halogen content of coals in the United States, China, and
several other countries, and determined that Br/Cl mass ratios of 0.01 —0.04 were
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Figure 2.5 Average Cl and Br contents for 0.04 (top) and 0.01 (bottom). Data for non-
coal produced in 110 U.S. counties show- producing counties are included in the figure
ing that most have Br/Cl mass ratios near but weathered coal and samples collected
0.02. Points show county-average values cal- from outcrop have been ignored. Additional
culated from selected COALQUAL records data from the lllinois Geological Survey were
where there were at least five Cl and Br also used. The data sets have been described
analyses. Dashed lines show Br/Cl ratios of elsewhere [80, 111].

typical, even in coals having low overall halogen contents (i.e., regardless of rank).
For U.S. coals, most scatter about a Br/Cl ratio of 0.02 (Figure 2.5). Exceptions
include high-rank coals (above high volatile bituminous rank) and coals influenced
by saline formation waters, including coal from the Southwestern reserve district
in eastern Kentucky, and some Illinois coals (Figure 2.5). Using a Br/Cl ratio of
0.02 as a guide, Br concentrations near 2 ppm might be expected for a subbitumi-
nous coal with 100 ppm Cl, and 8 ppm Br for a bituminous coal having 400 ppm
Cl. In some cases, for example, in selected coals from Bulgaria and parts of the
Ukraine Donbas, exceptionally high Br concentrations are present, with Br con-
tents in excess of those for Cl for some samples ([113, 117]; Figure 2.6). Inclusion
of these highly Br-enriched coals in results for 34 world coal deposits [113] gives a
mean Br value in excess of 100 ppm that is probably not representative. Excluding
seven deposits with Br contents >50 ppm gives a mean Br/Cl ratio of 0.05 for the
27 remaining deposits, which is more in line with typical Br/Cl proportions. In a
review of Cl and Br in U.K. coals, Spears [118] found that means for both elements
were enriched proportionally in a representative suite of 24 samples.
Bromine/chlorine ratios are potentially of use in distinguishing the processes
controlling halogen distribution in coal. In the simplest cases, this ratio is
controlled by pore waters present during coal formation or by formation waters
presently in equilibrium with coal. At the peat stage, halogens are enriched in
peat and its pore water relative to atmospheric deposition [119, 120] and the pro-
portion of Br to Cl is higher than that of modern seawater, which has a consistent
Br/Cl ratio of 0.0035 on a weight concentration basis [121]. Typical Br/ClI ratios
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Figure 2.6 Generalized Br-Cl systematics
for coals and brines, showing compositions
typical of commercial coals (gray swath) and
results from Vassilev et al. [113] for four coal
deposits with extreme Br enrichment includ-
ing Bobov Dol, Pernik, and Balkan, in Bul-
garia, and Donbass in Ukraine. Halite precip-

increasing Br/Cl. Actual trajectory is depen-
dent on conditions present in a particular
basin. Range for commercial coals assumes a
Br/Cl from 0.01 to 0.05, 50 ppm Cl as a min-
imum and 3000 ppm as a maximum, based
on boiler corrosion problems using more CI-
rich coals.

itation enriches residual fluids in Br, thereby

in coal are approximately 5—10 times that of seawater (Figure 2.6), reflecting
either inheritance from the peat stage, exchange with formation waters, or both.
As seawater evaporates and salinity increases, Br/Cl remains relatively constant
until halite (NaCl) precipitates, which excludes Br. As a result, halite precipitation
in saline formation waters enriches the residual fluids in Br, increasing the Br/Cl
ratio ([122], expressed as lowering Cl/Br; Figure 2.6). Halite-bearing “salt coals”
in a number of countries have unusually high Cl concentrations and atypical
Br/Cl ratios [113, 120], which may be inherited in part from the peat stage or a
consequence of halite precipitation. Conversely, halite dissolution by less saline
formation waters serves to decrease Br/Cl ratios ([122], expressed as raising
Cl/Br).

Like Cl, the mode of occurrence of Br in coal has been difficult to ascertain
with certainty. In Cl-enriched coals containing discrete mineral chlorides such
as halite (NaCl), sylvite (KCl), or other Cl-bearing minerals such as chlorapatite
(Ca(PO,)4(Cl, E, OH), limited inclusion of Br may be expected. But as suggested
by Huggins and Huffman [112], mineral occurrence of halogens in coal may be the
exception rather than the rule. Based on more limited XAFS spectroscopy at the Br
K-edge showing many features in common with the Cl data, Huggins and Huffman
concluded that the dominant mode of occurrence for Br is in association with coal
moisture, similar to that for Cl. Based on the similarity of Cl and Br, Spears [118]
concluded that moisture-hosted Cl and Br were consistent with results for UK.
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coals showing (i) correlation between Cl in coal with that in adjacent groundwater;
(ii) correlation between coal Cl content and moisture content; and (iii) brine-like
water extracted from coal moisture by centrifugation.

24.1.3 lodine(l)

Various studies have found I and its compounds such as potassium iodide to be
effective oxidants and sorbent promoters for capture of Hg? in flue gas from coal
combustion [104, 123 —-125]. On a volume-equivalent basis, Chi et al. [125] deter-
mined I to be even more effective than Br in promoting Hg® oxidation, whereas
Cao et al. [104] found Br (as HBr) to be more effective, and both HBr and HI more
effective on a per volume basis than either HCI or HE. These results follow a gen-
eral trend that the heavier halogens (Br, I) are more effective oxidants than the
lighter halogens (Cl, F), a surprising result given that oxidizing ability decreases
in the group with increasing atomic weight.

Information on the naturally occurring I content of coals is limited. However,
several recent studies have introduced methods to quantify I content, particu-
larly in Chinese coals [126—128]. Wu et al. found a range in I content from 0.04
to 39.5 ppm for 305 samples of coal from throughout China, with an arithmetic
mean of 2.6 ppm and a geometric mean of 1.27 ppm. Iodine content was found to
be positively correlated with coal rank and with depositional environment, with
anthracite having the highest values. Chinese coals deposited under the influ-
ence of marine or brackish conditions have a higher mean I content than those
deposited in non-marine settings and this is likely to be applicable elsewhere,
analogous to other marine-associated elements such as B [129]. Bettinelli et al.
[130] give a range of 0.15—12.8 ppm I by ICP-MS for 158 commercial coal sam-
ples imported to Italy from China, Columbia, Poland, South Africa, the United
States, and Venezuela. This study confirms that median I concentrations in the
1-3 ppm range are typical from various sources. Wang et al. [126] report I con-
tents (by INAA) ranging from 2.2 to 15.7 ppm for a series of coals from Guizhou
Province, China. There, the most I-enriched coals reflect post-coalification inter-
action with hydrothermal fluids and are not representative of values for coals used
commercially. Wang et al. [126] (their Figure 1) and Zheng et al. [73] argue that
domestic use of I-enriched coal in Guizhou Province limited the incidence of
iodine deficiency disorders in the Province to wood-burning areas, prior to its
virtual elimination by introduction of iodized salt throughout China.

24.1.4 Fluorine (F)

Comparison of the impact of F addition on oxidation of Hg® with addition of Br, I,
and Cl indicates that the effect of F is similar to or less than that of Cl [104]. As a
result, there has been less interest in addition of F, the lightest halogen, as a means
to promote Hg capture from combustion systems. However, because its behavior
is comparable to that of Cl, in coals with naturally high F contents, the sum of F
and Cl may be a more important indicator of the potential for Hg self-capture than
Clitself.
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Like other halogens, F concentrations in coal show considerable variation. Val-
ues in the 50—100 ppm range are typical, with similar means estimated for world
coal (88 ppm; [131]), U.S. coal (98 ppm; [11, 107]), and coal in China (82 ppm; [71,
132]), although Dai et al. [58] later give a higher mean value for China (130 ppm).
Unusually F-enriched coals (mean of 286 ppm for 29 samples) in Inner Mongolia,
described by Wang et al. [133], are thought to be the result of introduction of Al-
and F-bearing solutions to the mire during coal formation. These solutions are
likely derived from an adjacent geologically ancient, deeply weathered, bauxite-
bearing terrane. This history is reflected by the presence of boehmite (AIO(OH))
in these coals and a strong correlation between F concentration and the volume
percentage of boehmite [133]. Elsewhere in China, high F contents are known in
some stone coals (carbonaceous mudstone), and in manufactured coal briquettes
that use F-rich clay as a binder. Domestic use of these materials is thought to con-
tribute to endemic fluorosis in China [71, 73, 133], but based on the moderate F
contents typical of Chinese coals, the contribution of coal itself to the fluorosis
problem is considered to be secondary [71].

2.5
Summary

As discussed elsewhere in this volume, interaction of coal-derived Hg and halo-
gens in the flue gas of combustion systems provides a fundamental mechanism for
mercury capture. Variation in the concentrations of these parameters in coal is a
consequence of geologic processes, and as a result, to some extent, every coal is
unique. In general, low-rank coals have lower contents of both Hg and halogens
than bituminous coals, and when combined with their lower energy output and
higher moisture content, may offset some of the advantage of being low in Hg. At
the other end of the spectrum, bituminous coals generally have higher Hg content
but also have halogen concentrations in a range that promotes a greater degree
of Hg self-capture. Compared to low-rank coals, bituminous coals have a greater
fraction of Hg occurring within Fe disulfides, which potentially allows for pre-
combustion removal of Hg to some extent. Concentrations of halogens in coal are
influenced by the interaction of coal with associated fluids that may include pore
water present during various stages of coal formation, formation waters present
in a coal basin, or thermally or structurally driven brines. Where coals are in equi-
librium with deep-basin brines, halogen contents may be especially high, and this
may limit their commercial usefulness due to corrosion of boilers and emission
of acid gasses. The content of Br in coal is typically only a small percentage of the
Cl content, but even so, this proportion is enriched relative to that of seawater.
As shown elsewhere in this volume, the capacity of Br to promote Hg oxidation is
substantially greater and disproportionate to that of Cl.

Of the major coal-producing countries, database compilations sufficient to
estimate Hg input to the boiler on a nationwide basis are available only for the
United States and China. More detailed sampling and analysis of Hg in coal are
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needed, especially for the next largest coal-producing countries such as India,
South Africa, the Russian Federation, and Indonesia. In the absence of available
detailed compilations, extrapolation of limited datasets to estimate Hg input to
the utility sector on a nationwide basis is unlikely to be representative.
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3
Regulations
Nick Hutson

3.1
U.S. Regulations

3.1.1
Background

The enactment of the Clean Air Act of 1970 (1970 CAA) resulted in a major shiftin
the federal government’s role in air pollution control. This legislation authorized
the development of comprehensive federal and state regulations to limit emissions
from both stationary (industrial) and mobile sources. At this time, the National
Emission Standards for Hazardous Air Pollutants (NESHAP) program was initi-
ated to limit emissions of toxic or hazardous air pollutants (HAPs) from stationary
sources. CAA Section 112 addresses emissions of HAPs, which are those pol-
lutants which are hazardous to human health or the environment but are not
specifically covered under another portion of the CAA. These pollutants are typ-
ically carcinogens, mutagens, or reproductive toxins. In 1990, the U.S. Congress,
believing that the 1970 CAA and subsequent amendments had failed to provide
substantial reductions of air toxic pollutants, passed the Clean Air Act Amend-
ments of 1990 (1990 CAAA). The 1990 CAAA authorized, among other things,
the incorporation of the NESHAP into a greatly expanded program for controlling
toxic air pollutants.

The new law included a list of 189 toxic air pollutants (including mercury and its
compounds) for which emissions must be reduced. Congress then mandated that
the Environmental Protection Agency (US EPA) publish a list of source categories
that emit certain levels of these pollutants within 1 year of the law’s passage. For
major sources (those emitting more than 10 ton of any single HAP or more than
25 ton cumulatively of all the listed HAPs), Section 112 mandates that the EPA
establish emission standards that require the maximum degree of reduction in
emissions of HAPs. These emission standards are commonly referred to as max-
imum achievable control technology or MACT standards. These standards are to
be based on the best demonstrated control technology or practices within the reg-
ulated industry.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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3 Regulations

Eight years after issuance of the technology-based standards, the EPA is
required to review those standards to determine whether any residual risk exists
for that source category and must, if necessary, revise the standards to address
such risk.

3.1.2
Electric Generating Units (EGUs)

Congress established a specific structure for determining whether to regulate
electric generating units (EGUs) under CAA Section 112. Specifically, Congress
required the EPA to conduct a study to evaluate the remaining public health
hazards that are reasonably anticipated to occur as a result of EGUs” HAP
emissions after imposition of other CAA requirements. The EPA was required to
report the results of that study — referred to as the Utility Study [1] — to Congress,
and to regulate EGUs “if the Administrator finds such regulation is appropriate
and necessary,” after considering the results of that study.

The Utility Study included numerous analyses. The EPA first collected HAP
emissions test data from 52 EGUs, including a range of coal-, oil-, and natural gas-
fired units, and the test data along with facility-specific information were used to
estimate HAP emissions from all 684 utility facilities. The EPA determined that
67 HAP were potentially emitted from EGUs. EPA conducted a screening level
assessment of all 67 HAP to prioritize the HAP for further analysis. Six HAPs
(mercury, radionuclides, arsenic, cadmium, lead, and dioxins) were considered a
priority for multi-pathway assessment of exposure and risk. Based on these anal-
yses, EPA determined that Hg from coal-fired EGUs was the HAP of greatest
potential concern.

Congress also directed the EPA to conduct a study specifically on mercury emis-
sions from EGUs, municipal waste combustion units, and other sources. This is
referred to as the Mercury Study. In this study, the EPA was directed to consider
the rate and mass of mercury emissions, the health, and environmental effects
of such emissions, available control technologies, and the costs of those tech-
nologies. Congress also directed the National Institute of Environmental Health
Sciences (NIEHS) to conduct a study to determine the threshold for mercury
concentrations in the tissue of fish which may be consumed (including consump-
tion by sensitive populations) without adverse effects to public health. In addi-
tion, Congress directed the EPA to fund the National Academy of Sciences (NAS)
to perform an independent evaluation of the available data related to the health
impacts of methylmercury (MeHg). Specifically, Congress required the NAS to
advise the EPA as to the appropriate reference dose (RfD) for MeHg. The RfD is the
amount of a chemical which, when ingested daily over a lifetime, is anticipated to
be without adverse health effects to humans, including sensitive subpopulations.

As directed by Congress through different vehicles, the NAS Study and the
NIEHS Study evaluated the same issues. The NIEHS completed their study in 1995
and the NAS study was completed in 2000.



3.1 U.S. Regulations

On 20 December 2000, the EPA issued a finding that it was “appropriate and
necessary” to regulate coal- and oil-fired EGUs under CAA Section 112 and
added such units to the list of source categories subject to regulation. Once the
source category was listed, the EPA was then required to establish technology-
based emission standards. More specifically, the EPA was required to establish
emission standards that reflect the “MACT” level of control. By statute, the
MACT standards for existing sources must be at least as stringent as the average
emission limitation achieved by the best performing 12% of existing sources in
the category (for which the Administrator has emissions information). This level
of minimum stringency is referred to as the MACT floor, and the EPA cannot
consider cost in setting the floor. For new sources, MACT standards must be at
least as stringent as the control level achieved in practice by the best controlled
similar source. The EPA must also consider more stringent “beyond-the-floor”
control options, but must take into account costs, energy, and nonair quality
health and environmental impacts when doing so.

The EPA did issue standards for Hg emissions from coal- and oil-fired power
plants. However, instead of issuing emission standards under CAA Section 112
(covering HAPs), the Agency, on 29 March 2005, issued the Section 112(n) Revi-
sion Rule that removed EGUs from the list of sources subject to regulation under
CAA Section 112. This Revision Rule essentially reversed the Agency’s previous
finding and determined that it was neither appropriate nor necessary to regulate
such units under CAA Section 112.

Subsequently, on 18 May 2005, the EPA issued the Clean Air Mercury Rule
(CAMR). That rule established standards of performance for emissions of Hg from
new and existing coal-fired EGUs under CAA Section 111 (New Source Perfor-
mance Standards, NSPS).

A collection of environmental groups, states, and tribes challenged the
Section 112 delisting action and the legality of the CAMR. On 8 February 2008,
the D.C. Circuit Court vacated both the 2005 delisting action and the CAMR.
The D.C. Circuit held that the EPA had failed to comply with the requirements for
delisting source categories from Section 112. Thus, CAMR and the 2005 delisting
action became null and void and the rule was never implemented.

On 18 December 2008, several environmental and public health organizations
filed a complaint in the U.S. District Court for the District of Columbia. They
alleged that the EPA had failed to perform a nondiscretionary duty by failing to
promulgate final CAA Section 112(d) standards for HAP from coal- and oil-fired
EGUs by the statutorily-mandated deadline. The EPA settled the litigation and
agreed to issue final MACT emission standards for coal- and oil-fired EGUs by 16
December 2011.

3.1.3
Mercury and Air Toxics Standards (“MATS”) - Existing Sources

On 16 December 2011, the EPA Administrator signed the Mercury and Air Toxics
Standards (or “MATS”) which requires that coal- and oil-fired EGUs meet HAP
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Table 3.1 Final mercury emission limits in the U.S. EPA “Mercury and Air Toxics Standards
(MATS)" for existing fossil fuel power plants.

Sources Ib TBtu~" (input) Ib GWh~" (output) ~pgm=3

Existing plants

Coal > 8300 Btulb™! 1.2 0.013 1.40
Coal <8300 Btulb™! 4.0 0.04 4.70
Solid oil-derived fuel 0.2 0.002 0.23
IGCC units 2.5 0.03 2.90

The emission limits for existing units are provided in pounds of mercury per trillion British
thermal unit of heat input or alternatively in units of pounds of mercury per gigawatt-hour of
power output, both based on a 30 day rolling average. The measured emission in micrograms per
cubic meter is an approximate value only; the affected units must show compliance with the input
or output based standard. The EPA did not set emission limits for natural gas-fired power plants.
Solid oil-derived fuel is commonly known as petroleum coke or pet coke.

standards reflecting the performance of the MACT. The rule [2] established uni-
form emissions-control standards that affected sources can meet with proven and
available technologies and operational processes. The rule set emission limits for
mercury and other toxic metals (such as arsenic, cadmium, lead, and nickel), for
hazardous acidic gases (such as hydrochloric and hydrofluoric acids) and set work
practice standards to limit the emissions of toxic organic pollutants, including
benzene and dioxins.

The specific limits for subcategories of existing EGUs are given in Table 3.1.
The emission limits are provided for mine-mouth units designed for and burning
low rank, virgin coal with a calorific value <8300 Btulb~! (this will represent pri-
marily units utilizing lignite coal), all other coals, solid oil-derived fuel (petroleum
coke), and integrated gasification combined cycle (IGCC) units (regardless of fuel
source). If an EGU burns coal (either as a primary fuel or as a supplementary fuel)
or any combination of coal with another fuel (except for solid waste) where the coal
accounts for more than 10.0% of the average annual heat input during any three
consecutive calendar years or for more than 15.0% of the annual heat input during
any one calendar year after the applicable compliance date, the unit is considered
to be coal-fired.

For coal-fired, IGCC, and solid oil-derived fuel-fired units, operators must use a
Hg continuous emissions monitoring system (CEMS) or a sorbent trap monitoring
system for both initial and continuous compliance.

CAA Section 112 specifies the dates by which affected sources must comply
with this rule. New or reconstructed units must be in compliance immediately
upon startup or the effective date of this rule, whichever is later. Existing sources
may be provided up to 3 years after the effective date to comply with the final rule;
if an existing source is unable to comply within 3 years, a permitting authority
(usually the state) has the ability to grant such a source up to a 1 year extension,
on a case-by-case basis, if such additional time is necessary for the installation
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of controls. The EPA’s Office of Enforcement and Compliance Assurance (OECA)
also issued a memorandum describing the Agency’s “intended approach regarding
the use of administrative orders (“AOs”) for sources that must operate in noncom-
pliance with MATS for up to 1 year to address a specific and documented reliability

concern.”

3.14
Mercury and Air Toxics Standards (“MATS”) - New Sources

On 16 December 2011, the final “MATS” also contained standards for new fossil
fuel-fired EGUs (i.e., those that commence construction after 3 May 2011). The
rule set emission limits for mercury and other toxic metals (such as arsenic,
cadmium, lead, and nickel), for hazardous acidic gases (such as hydrochloric
and hydrofluoric acids) and set work practice standards to limit the emissions
of toxic organic pollutants, including benzene and dioxins. The CAA speci-
fies that, for new sources, the emission limitation “shall not be less stringent
than the emission control achieved in practice by the best controlled similar
source.”

Following promulgation of the final MATS rule, the EPA received several peti-
tions for reconsideration of numerous provisions of both the MATS rules, includ-
ing the achievability of the final new source standards. The EPA Administrator
agreed to reconsider certain aspects of the final MATS rule and the reconsidera-
tion proposal was published on 30 November 2012 [3]. The reconsidered emission
limits for new sources were finalized in March 2013.

The mercury emission limits for subcategories of new EGUs are given in
Table 3.2. The original final emission limits are given along with final reconsider-
ation emission limits. As with existing sources, the emission limits are provided
for mine-mouth units designed for and burning low rank, virgin coal with a
calorific value <8300 Btulb™ (this will represent primarily units utilizing lignite

Table 3.2  Final mercury emission limits in the U.S. EPA “Mercury and Air Toxics Standards
(MATS)” for new fossil fuel power plants.

Sources MATS original (Ib GWh~") MATS revised (Ib GWh™') Revised
(output) (output) (~pgm3)

New plants

Coal > 8300 Btulb~! 0.0002 0.003 0.35

Coal < 8300 Btulb~! 0.04 0.04 4.70

Solid oil-derived fuel 0.002 0.002 0.23

IGCC units 0.003 0.003 0.35

The emission limits for new coal-fired or IGCC power plants are provided only in units of pounds
of mercury per gigawatt-hour of power output, based on a 30 day rolling average. The measured
emission in micrograms per cubic meter is an approximate value only; the affected units must
show compliance with the output based standard. The EPA did not set emission limits for natural
gas-fired power plants. Solid oil-derived fuel is commonly known as petroleum coke or pet coke.
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coal), all other coals, solid oil-derived fuel (petroleum coke), and IGCC units
(regardless of fuel source). New sources may only meet an output based emission
limitation.
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4
International Legislation and Trends
Lesley L. Sloss

4.1
Introduction

Some regions and countries in Europe, Australia, and Asia are actively monitoring
and controlling mercury emissions. However, they are currently doing so without
the apparent urgency incurred by national and regional binding legislation and
specific mercury reduction targets that are being applied in Canada and intro-
duced in the United States at the moment. That is not to say that mercury is not
being controlled outside North America. Rather that this control of mercury is
largely being achieved as a result of co-benefit effects.

There were a number of international treaties, set by the United Nations Envi-
ronment Programme (UNEP), which included mercury. These were not challeng-
ing with respect to mercury limits and therefore did not require any action to
be taken at coal-fired utilities. The UNEP Governing Council made a decision in
February 2009 to further strengthen international action on mercury and initiated
negotiations toward producing a “Global legally binding instrument on mercury.”
This instrument, is known as the Minamata Convention, was completed in Febru-
ary 2013. The convention promotes BAT at all new coal-fired power plants and
requires a national action plan, with options for BAT, emission limits, reduction
targets and so on, to be taken at all existing plants. There is enough flexibility in
the wording to allow signatory countries to determine their own best approach to
reducing mercury emissions from this sector.

Concern has been expressed that the rapid increase in coal use in countries
such as those in Asia may override reductions in emissions achieved elsewhere.
It is therefore essential that any international mercury legislation is made both
technically and economically viable in developing countries to ensure that the cur-
rent upward trend in global mercury emissions is controlled effectively. These are
the kind of issues which have been addressed within the flexibility of the UNEP
convention.

This chapter will summarize both international and national legislation (exclud-
ing the United States). Mercury legislation is currently in a state of extreme flux
and, as a result, the information included in this chapter can only be regarded as a
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snapshot of the issue as this document goes to print. However, it is clear that many
countries, not just those in North America, are moving toward stringent control
of all toxic emissions and so legislation for mercury control can be regarded as
somewhat inevitable. It remains only to be seen what form this legislation may
take in different regions and how soon it will be initiated.

4.2
International Legislation

There are a number of international agreements and action plans to co-ordinate

activities to reduce mercury emissions. These include [1]

UNECE The United Nations Economic Commission for Europe
(UNECE) has a convention on long-range
trans-boundary air pollution (LRTAP). This convention
was published in 1998 and covers heavy metals
including mercury. The protocol has been signed by
Canada, Europe, Russia, and the United States.
Although the protocol calls for the installation of BAT
at new stationary sources, it does not go so far as to
define BAT for coal-fired plants or to specify any
reduction strategies.

OSPAR Oslo and Paris Commission’s program on reduction of
land-based pollutants transported to the North Sea.

HELCOM The Helsinki Commission program covering the North
Sea.

Barcelona Convention A program similar to OSPAR and HELCOM covering
the Mediterranean Sea.

MEPOP European political initiative studying the atmospheric
cycling of mercury and persistent organic pollutants.

Nordic Co-ordination of projects between Denmark, Finland,
Norway, and Sweden to reduce mercury emissions.

Arctic The Arctic Council’s Environmental Protection Strategy
includes mercury.

NARAP North American Regional Action Plan between

Canada, the United Mexican States, and the United
States to reduce mercury fluxes.

Binational Toxics Canada and the United States have a project for
cleaning up substances, including mercury, in the Great
Lakes Basin Area.

None of these agreements or programs includes guidelines on how the pro-
posed reductions in emissions or concentrations should be achieved other than
by recommending “best practices.” The agreements rely on the individual gov-
ernments of each signatory country to produce a successful strategy to reduce
mercury emissions. They therefore do not necessarily guarantee results. Action
is rarely, if ever, taken against countries that are not as successful as others in
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reducing emissions. For the moment, there is no international treaty that requires
specific mercury control at coal-fired utilities. However, this may change with the
introduction of the UNEP “Minamata Convention.”

421
UNEP International Legally Binding Instrument on Mercury (“Minamata Convention”)

In February 2009, the Governing Council of the UNEP agreed on Decision 23/9
defining the need to develop a global legally binding instrument on mercury. The
convention was completed in February 2014. The final text requires that signatory
parties take measures to control and, where feasible, reduce emissions. New plants
will have to apply BAT/BEP and BAT/BEP is an option, alongside emission limit
values, reduction targets, multi-pollutant strategies or “alternative measures’, for
existing sources. The definition of BAT within the convention is to be determined
by the conference of the parties but must take geographical, technical and eco-
nomic considerations into account. And so, at this stage, it is up to each signatory
country to determine how the convention will be applied to sources within their
jurisdiction.

422
European Union (EU)

There are three established directives which are currently relevant to coal-fired
utilities in the European Union (EU) member states:

* the Integrated Pollution Prevention and Control (IPPC) Directive;

« the Large Combustion Plant Directive (LCPD); and

» the Waste Incineration Directive (WID, applicable to plants co-firing waste with
coal).

All these directives will continue to apply until they are replaced by

o the Industrial Emissions Directive (IED), which comes into force for coal-fired
power plants in 2016.

It is therefore necessary to discuss each of these directives in turn to appreciate
the ramifications for utilities in Europe. Although none of these Directives spec-
ifies emission limits or control requirements for mercury, the technologies that
plants must install to meet SO, and NO,, limits will have a significant effect on
mercury emissions.

EU-Directive on IPPC (2008/1/EC) (EC, European Commission) applies an
integrated environmental approach to the regulation of around 45 000 industrial
facilities, including large combustion plants, in the EU. The directive is based on
a plant-specific permit which details the requirements relevant to each individual
facility and can therefore take into account not only any international and national
requirements (such as reduction targets for UNECE protocols and EU emission
limits) but also regional and local considerations such as preservation of sensitive
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watershed areas. For particulates, the BAT options are electrostatic precipitator
(ESP) (99.5% efficiency) in combination with wet flue gas desulfurization (FGD);
or bag houses (fabric filters) (99.95% efficiency) in combination with wet FGD.
For SO,, the BAT options are either low-sulfur fuel, wet FGD, spray dry FGD,
seawater FGD, or combined SO, and NO, systems. For NO,, the BAT options are
primary measures (air/fuel staging, low NO, burners, re-burn) in combination
with SCR (selective catalytic reduction) or SNCR (selective non-catalytic reduc-
tion) in some cases; or combined SO, and NO, systems. However, the choice of
which control combination is suitable as BAT for each individual plant has to be
defined on a case-by-case basis under each permit and is based on extensive BAT
reference documents (BREFs) provided by the EC.

The revised LCPD (2001/80/EC) applies to combustion plants with a thermal
output of >50 MW. According to the directive, by 1 January 2008, all large com-
bustion plants in Europe had to opt for one of the following three compliance
options:

1) meet emission limit values (ELVs) for particulates, SO, and NO,;
a. 200mgm~3 SO, for new plant and 400—2000 mgm~2 for existing plant
(based on size);
b. 200-400 mgm~3 NO, for new plant and 500—600 mgm™ for existing
plant (based on plant size)
2) signup to lower SO, and NO, “bubbles” that are equivalent to the ELV reduc-
tions and which are part of a National Emission Reduction Plan (NERP); or
3) “opt-out” of ELVs and NERP and commit to close by 2015, operating for no
more than 20 000 h over that period.

Therefore, to meet both the IPPC BAT requirements and the LCPD ELV with
fuel switching alone, plants would need to be firing very low-sulfur coal to avoid
having to install FGD [2]. In simple terms, the IPPC and LCPD together mean
that all plants must install wet FGD (or a technology with similar or greater SO,
control) and make at least combustion modifications to reduce NO, (some plants
will require SCR in addition to combustion modifications). Plants which could
not comply with either option 1 or 2 above were to close by 2016 and run limited
operating hours until that date.

Many plants within Europe regarded the ELVs defined by the LCPD as too chal-
lenging. Before the LCPD was replaced by the IED, almost 25 GW of coal units and
10 GW of lignite units decided not to install FGD, particularly in Spain, France,
and the United Kingdom in Western Europe. These plants chose to opt-out of the
LCPD and close by 2016 [3].

If co-combustion of other waste is to be applied at an existing coal-fired plant,
the emission limits must be revised according to the EU WID (2000/76/EC).
Table 4.1 includes a summary of the EU emission limits under the WID alongside
the emission limits in Germany (see below) [4].

The WID limits are more stringent than those in the LCPD. Under the “mixing
rule,” plants firing waste materials defined under the WID must calculate a specific
emission limit based on the amount of waste material being co-fired. However, this
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does not apply to mercury and its compounds, for which the limit is 0.050 mg m~3
for all co-incineration plants. The WID is far more challenging with respect to
compliance than the LCPD and so existing coal-fired plants are generally reluctant
to co-fire waste material that falls under the remit of the WID. In addition to the
more stringent emission limits, the WID also has more demanding monitoring
requirements.

In 2007, in recognition that the EU legislation at that time was somewhat piece-
meal and confusing, the EC launched a review of the existing legislation with
the aim of merging seven different directives into one. The directives which were
merged were

¢ the Large Combustion Plant directive (LCPD);

¢ the Integrated Pollution Prevention and Control Directive (IPPC);

» the Waste Incineration Directive (WID);

« the Solvent Emissions Directive (SED); and

« the three existing directives on Titanium dioxide on (i) disposal (78/176/EEC),
(ii) monitoring and surveillance (82/883/EEC), and (iii) programs for the reduc-
tion of pollution (92/112/EEC).

These directives were all merged into the new IED which was published by the
EC in December 2010. The IED was to be drafted into national legislation within
each of the Member States by 6 January 2013.

For coal-fired plants, the IED is effectively a combination of the IPPC and LCPD
discussed above, containing aspects of both permitting and plant-specific require-
ments along with ELVs or equivalent reduction strategies. Each plant must have
its own plant-specific permit with performance, based on a combination of BAT
and ELVs.

The new IED allows some flexibility in the definition of BAT, according to the
decisions of the local competent authority, and requires continued work at the EC
level on BREFs. The IED also includes potential derogations where BAT is consid-
ered to be of a disproportionately high cost, as long as the ELV are still met. There
is also still the option of a minimum desulfurization rate for plants which cannot
comply with ELVs due to specific fuel characteristics.

As with the original LCPD, the IED allows the same three options for compli-
ance: the ELV, the NERP (now referred to as the National Action Plan), or opt-out
(eventual closure).

The new ELVs for SO, for combustion plants granted permits before 7 January
2013 are as follows:

Emission limit for SO, for plants permitted pre-2013 (mg m~3)

Plant size (MW?t) Coal, lignite, and other solid fuels Biomass Peat Liquid
50-100 400 200 300 350
100-300 250 200 300 250

>300 200 200 200 200
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The remaining plants must then meet more stringent SO, limits after 2016.

Emission limit for SO, for plants permitted post-2013 (mgm~2)

Plant size (MW?t) Coal, lignite, and other solid fuels Biomass Peat Liquid

50-100 400 200 300 350
100-300 200 200 300 200
>300 150 150 150 150

For those plants, originally permitted prior to 2013, which cannot meet the pre-
scribed ELV due to specific fuel characteristics, there is still the option of meeting
a minimum rate of desulfurization, shown below.

Desulfurization rate for SO, for plants with challenging fuel, permitted pre-2013

Plant size (MWt)  Plants permitted before 27 November 2002 (%) Other plants (%)
50-100 80 92
100-300 90 92
>300 96 96

All other plants must meet tighter reduction requirements.

Desulfurization rate for SO, for plants with challenging fuel, permitted post-2013

Plant size (MWt) (%)
50-100 93
100-300 93
>300 97

Both these reduction requirements and the ELVs listed above would require, in
most if not all instances, the use of FGD technologies.

For those plants firing low-sulfur fuel, there is a potential derogation period of
6 months, which will be permitted during instances of interruption in the supply
of low-sulfur fuel (such as that resulting from a serious shortage).

The new NO, limits (milligrams per cubic meter) for combustion plants granted
permits before 7 January 2013 are as follows:

Emission limit for NO,, for plants permitted pre-2013 (mg m™3)

Plant size (MWt) Coal Lignite Biomass and peat Liquid
50-100 300 450 300 450
100-300 200 200 250 200

>300 200 200 200 150
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Plants not permitted before 7 January 2013 must meet the following limits after
2016:

Emission limit for NO, for plants permitted post-2013 (mgm™3)

Plant size (MWt) Coal Lignite Biomassand peat Liquid
50-100 300 400 250 300
100-300 200 200 200 150
>300 150 200 150 100

For most plants, low NO, burning systems may not be able to reach these limits
and additional SCR or SNCR technologies will be required.

As with the original LCPD, under the new IED, plants may be exempt from the
ELV if they agree to the following:

¢ to operate no more than 17500 h between 1 January 2016 and 31 December
2023 (a more forgiving timescale than the LCPD);

 to report hours of operation on an annual basis; and

¢ ELVs prescribed in the plant permit on 31 January 2015 shall be maintained for
the remaining operation period of the plant.

The IED carries with it requirements for continuous emission monitoring
(CEM) of particulates/dust, SO,, and NO, on all plants. Although the IED
does not set an ELV for mercury from coal-fired utilities, it does introduce a
requirement for annual monitoring of mercury emissions.

Although this monitoring requirement for mercury is the only mention of mer-
cury in the new IED, this does not mean that mercury is not under control. Studies
carried out in the EU and elsewhere have consistently shown that the installa-
tion of control technologies for particulates, SO, and NO, on coal-fired power
plants can effectively reduce mercury emissions. For most plants and coals, the
combination of particulate controls and wet FGD systems will mean at least 70%
mercury reduction [5, 6]. If SCR is also included, as will be the case at many
EU plants, mercury capture can be up to and over 90%. While this significant
reduction rate is certainly not guaranteed, especially for some challenging coals,
most plants will still achieve some co-benefit mercury control. By introducing
the requirement for mercury monitoring at all plants, the EC will gather data
on just how effective the control systems required under the IED are for mer-
cury control and, based on this, may or may not set mercury specific legislation in
the future. Although, for the moment, mercury emissions are regarded as largely
under control, the new IED BREFs (currently being updated to include mercury)
may well define BAT levels for mercury based on available information and reduc-
tions achieved so far and this could mean requirements for mercury on some
plants in the future.
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4.3
Regional and National Legislation

The following sections summarize the situation in several example countries and
regions (excluding North America) that either have legislation for mercury control
or have monitoring and compliance regimes that are potentially moving toward
mercury specific legislation.

431
Europe

As discussed earlier, the existing IPPC and LCPD and their replacement, the IED,
will not target mercury directly but are still likely to result in significant mercury
reductions as a result of co-benefit effects.

Individual member states within the EU must adopt EU legislation as national
legislation within a set time period. Over and above this, each country may set its
own legislation or reduction targets based on more local environmental challenges
or concerns. Countries such as Germany and the Netherlands often go above and
beyond what is required by EU legislation.

4.3.1.1 Germany

The Thirteenth Ordinance of the Federal Immission Control Act (13 BImSchV)
set an emission limit of 30 pg m~3 for mercury at all coal-fired utility plants, and
continuous emission monitors for mercury are also required at all plants. Daily
average and half-hour average values are required. As all plants have FGD and SCR
fitted, mercury is also captured efficiently and, as yet, no mercury specific control
technologies have been required at any plants firing coal alone (H. Thorwarth,
Personal Communication, 2008). Germany has around 20 plants co-firing sewage
sludge with coal, as summarized by Fernando [7]; these plants face a significant
challenge with respect to mercury emissions and control.

Under the IPPC/IED permitting scheme, individual plants may be granted a per-
mit that sets emission limits or control requirements which are more challenging
than those for other national plants. Unpublished information suggests that a new
coal-fired plant (Staudinger) in Germany will be facing a mercury emission limit
in the order of 15 pgm~3. No more details are available at this time.

4.3.1.2 Netherlands
Similar to Germany, the Dutch Government takes a pro-active approach to emis-
sion control and often sets national and regional legislation, which is significantly
more stringent than that set by the EU. Although the current IED for the EU speci-
fies BAT requirements only for particulates, SO, and NO,, permits for Dutch coal-
fired plants must also consider BAT for mercury. This is based on an estimated
mercury input (fuel content) and the yearly average removal efficiency of the air
pollution control devices (APCDs), as measured during monitoring campaigns.
KEMA in the Netherlands have developed the KEMA TRACE MODEL®
(KTM), an empirical and statistical model developed from mass balance studies
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at all the coal-fired plants in the Netherlands over 25 years. The model can cope
with co-firing secondary fuels such as biomass up to 30% on a mass base. The
model covers 46 elements, including mercury. The calculated emissions, based
on the fuel data, are compared to relevant emission regulations such as the LCPD
or IED and any national regulations. The KTM is well trusted and is used in the
impact statements and permit applications of coal-fired plants in the Netherlands
(H. Te Winkel, Personal Communication, 2011).

Although there has been nothing published as yet, it would appear that three
new coal-fired plants in the Netherlands, including units at Maasvlakte and Dat-
teln, could face plant-specific mercury regulations that would limit mercury emis-
sions to around 3 pg m~3 on an annual basis.

432
Asia

Asia contains some of the cleanest and some of the dirtiest coal-fired plants in
the world. Several areas of Asia, such as Japan and South Korea, have already
retrofitted most if not all of their plants with state-of-the-art emission control
systems. Other areas, such as China and India, have such rapidly growing pop-
ulations and economies that bringing all plants up to satisfactory emission limit
standards is a challenge. The majority of environmental work being undertaken in
India under a national government program is to improve the efficiency of existing
coal-fired plants. Significant improvements in efficiency can be achieved, resulting
in extended plant lifetime, reduced fuel consumption, increased energy output,
and reduced emissions. For most of the plants studied, this rehabilitation makes
more economic sense than the construction of new plants.

China has a range of plans and programs to reduce emissions of SO, based
on limits and emission fees. The Chinese Government has recently introduced
a new policy based on the phasing out of smaller, less-efficient coal-fired units.
Other Asian nations face their own local challenges. To date, the environmen-
tal performance of each plant in many developing Asian nations depends on the
location (for example, whether it is causing noticeable local effects) or on the oper-
ator/utility (depending on the level of pro-activeness). Emission monitoring is
not common in most of Asia and therefore it is hard to determine compliance
with any applicable emission standards. It is also difficult to determine which
plants should receive priority when it comes to investment for rehabilitation or
retrofitting without emission information. A move toward increased measure-
ment and monitoring in these areas would help evaluate areas of concern to pro-
duce the most effective national policies.

The following sections summarize the situation in selected countries in Asia.

43.2.1 China

Chinese emission legislation is defined within 5- and 10-year plans. These
plans are not law, but are rather targets that are achieved through agreements,
performance, incentives, or existing laws [8]. Recently, the Chinese government’s
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efforts have concentrated on sulfur emissions. Despite some missed reductions in
the past, the reduction target for SO, under the Eleventh 5 year plan (2006 —2010;
10% reduction below 2005 levels) was met early and exceeded (a 14% reduction
was achieved). This reduction was achieved largely due to the installation of
FGD. The success of this Eleventh plan may be due to the strengthening of the
approach with binding agreements with provinces and key emitters, economic
and administrative incentives, performance audits, and stronger enforcement of
existing laws. There has also been an unprecedented installation rate of FGD in
China. In 2005, only 14% of the installed coal-fired generating capacity had been
fitted with FGD but this had increased to 86% by the end of 2010 [9]. This would
no doubt have resulted in significant co-benefit mercury reduction.

The Emission Standard of air pollutants for thermal power plants (GB 13223-
2011) was adopted by the Chinese Ministry for Environmental Protection (MEP)
on 18 July 2011 and should be effective starting 1 January 2012 [10]. The standard
applies to particulate, SO,, NO,, and mercury emissions from coal-fired plants
but does not apply to plants co-firing waste or biomass. Emissions of mercury will
be controlled from 1 January 2015. The limit for mercury is set at 0.03 mgm™3.
However, because of known co-benefit effects, the limits for SO, and NO,, are
also relevant. The full emission limits are listed in the table below.

Emission limits for coal-fired boilers in China, from 2011 (for particulates,
S0, and NO,) to 2015 (for mercury)

Pollutant Conditions Limit (mgm—3)

Soot All units 30
Plants in “key regions”? 20

SO, New boiler 100

200"

Existing boiler 200

400>
Plants in “key regions”? 50

NO, (as NO,) All 100

400°)

Plants in “key regions”? 100

Hg and compounds All 0.03

dPlants in “key regions” are defined as those situated where development is con-
centrated and environmental capacity is low (such as existing weak environmental
capacity, vulnerable ecological environment, and major air pollution problems, as
defined by the MEP).

P Applies in Guangxi Zhuang Autonomous Region, Chongqing Municipality,
Sichuan Province, and Guizhou Province.

9IW-type thermal power generation boilers, furnace chamber flame boilers, circu-
lating fluidized bed boilers, and boilers in operation before 31 December 2003.

The limit set for mercury, 30 ug m~3, is equivalent to the general emission limit
for coal-fired units in Germany (see below) and applies to both existing and new
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Figure 4.1 Chinese projections: application rate of emission controls in 2020.

plants. It is therefore significantly less stringent than the limits set in the United
States and would be achieved by most modern plants fitted with ESP or baghouse
systems firing standard coals. However, the limits set for SO, and NO, will be chal-
lenging and are likely to result in FGD on all plants and upgrades on many existing
FGD systems, SCR on almost all plants, and upgrading of ESPs with potential
retrofitting of fabric filters in some cases. This will mean that, although the mer-
cury limit will not itself result in mercury control, the co-benefit effects of the
new SO,, NO,, and particulate limits are likely to result in significant mercury
reduction.

A report produced by Tsinghua University for MEP under a UNEP Coal Part-
nership project included emission estimates for mercury from coal-fired utilities
in China for 2005 and 2008 along with predictions for mercury reduction under
future energy scenarios in 2020 [11]. The scenarios are summarized in Figure 4.1
and the predicted reductions as a result of each of these are summarized in
Figure 4.2. It is important to note that these scenarios were produced prior to the
new 2011 standards and so the predicted mercury reduction may be even more
significant.

The new Chinese limits are challenging and are predicted to cost the Chinese
economy at least 260 billion yuan ($40.74 billion) [12]. It is not clear whether this
cost will include potential new monitoring requirements including CEM systems
to ensure compliance. It therefore remains to be seen whether the Chinese coal
sector can afford to comply with the new limits, bearing in mind the current
increase in coal prices.

4.3.2.2 Japan

Environmental legislation in Japan is set on an individual company/plant basis and
it is not simple to summarize the requirements that apply. There is a very high
priority based on social responsibility and most companies wish to enhance their
public credibility by not exceeding any requirements set. Most, if not all, coal-fired
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Figure 4.2 Chinese projections: mercury emission intensities in 2020.

units in Japan already have FGD and deNO, systems in place and many plants
pride themselves in fitting the most up-to-date systems [1]. By 2000, over 90% of
plants had wet scrubber systems installed and <3% had no flue gas treatment for
sulfur. Over 75% of plants have both low NO, burners and SCR systems installed
and the remainder had one or the other [13].

4.3.2.3 Other Asian Countries

The Philippines have a mercury emission limit from any source of 5mgm™3. At
the moment, there are 12 coal-fired plants in the country, four of which are FBC
systems (fluidized bed combustion) systems. New plants are required to install
FGD systems and low NO, burners. There is also a fee levied, which is proportional
to emissions. However, some plants obtained a “grace period” from these fees to
help fund the installation of control technologies, for which tax credits are also
available [14].

Prior to 2010, there was no limit for mercury from coal-fired plants in Korea
other than the general limit for mercury emissions for all industrial emissions set
at 5mgm~3. However, the new standards, promulgated in 2010, set an emission
limit for mercury and its compounds for all coal-fired facilities at 0.1 mgm=. As
can be seen in Figure 4.3, this limit can easily be met by almost any plant fitted
with an ESP system. New legislated emission limits for SO, are set at 100 ppm for
existing plants >100 MW (in operation before 1996) and 80 ppm for new plants.
The limit for NO,, is 150 ppm for existing plants and 80 ppm for new plants. This is
equivalent to around 300 mg m~3. This may require SCR systems on some plants,
which will improve mercury capture due to co-benefit effects. However, it has
been proposed that mercury CEMs be introduced at plants in Korea to monitor
the effectiveness of the potential co-benefit effects of the SO, and NO, control
systems, which would provide information for a future review of the legislation by
policy makers to potentially tighten mercury emission limits [15].

NB - the limit cited for Germany in this figure may be lower in practice as
the standards are currently 50 pg m~2 for 30 min averages and 30 pgm™> for 24 h
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Figure 4.3 Measured mercury emission concentration and the permissible emission limit in
current Korean and German regulations [15].

averages. However, the standards are still well above that which can be achieved
in most plants fitted with APCD.

433
Other Countries

The following short sections summarize the situation on mercury emissions and
control in selected countries.

4.33.1 Australia

Individual states in Australia have the jurisdiction to set their own emission
legislation, including targets for greenhouse gas reduction. Over and above this,
National Environmental Protection Measures (NEPM) can be set, based on
goals, standards, protocols and/or guidelines. At the moment, although there is
a National Pollutants Inventory (NPI) for the quantification of emissions, there
are no binding national emission standards for SO, or NO,. Emission guidelines
for SO, and NO, have been issued by the National Health and Medical Research
Council (NHMRC). However, the limits are very general and were set at levels
which could be met relatively easily. Australian coals are generally low in sulfur
and therefore SO, emissions are not regarded as a high priority for control and
there are, to date, no FGD or similar controls on any Australian coal-fired plants.
Although NO, limits have been specified in some states, it is thought that these
are relatively lenient and have not required the installation of any NO, control
technologies [1].

The focus of Australian emission legislation is very much on the development
of new clean coal technologies and low carbon options. So, for the moment at
least, existing coal-fired power plants are not facing any retrofit requirements.
Morrison and Nelson [16] have looked at future strategies for energy in Australia
toward 2050. Most of the strategies considered relate to the reduction of mercury
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and CO, emissions through the use of brown coal in IGCC (integrated gasification
combined cycle) with and without CCS (carbon capture and storage). Australia’s
future energy strategies appear more concerned with greenhouse gas reductions
and energy efficiency while SO, and NO, emissions have much lower priority.
It can therefore be assumed that there will be limited co-benefit reductions in
mercury emissions, based on current legislation.

43.3.2 Canada

When the United States first introduced its Clean Air Mercury Rule (CAMR),
Canada was quick to follow suit. However, the format the Canadian standard
took differs from the CAMR and therefore, although the CAMR has now been
abandoned, the Canada-Wide Standard (CWS) still applies. The CWS sets
stringent emission reduction targets. There are provincial caps for each province,
which apply to existing plants that require a total reduction of 60—-70%. BAT is
required on new plants. Individual provinces must decide the most appropriate
means of meeting the required reduction targets and the approaches vary from
enhanced co-benefit controls to activated carbon injection, and even complete
plant closure [1].

4.3.3.3 Russia

In 1991, a national emissions charge system was introduced in Russia, which
applied to over 300 air and water pollutants from a large number of stationary
sources. However, monitoring and administrative capabilities are limited and
the final charge is often open to negotiation between the source and the local
authority. It is not uncommon for fees to be waived for sources experiencing
financial problems. There does not appear to be any imminent move toward
requirements for SO,, NO,, or mercury control [1].

4334 South Africa

In March 2010, the South African Government established updated requirements
for sulfur emission control. The limits are 3500 mg m~2 for SO, from existing coal-
fired power plants and 500 mg m~3 for new plants (>50 MW). The emission limits
for NO, are 1100 and 750 mg m~ for existing and new plants respectively [17].
There is also a move toward requiring the installation of FGD on all large coal-fired
units in the country. However, the financial constraints and, perhaps more impor-
tantly, the limited availability of water in the country, will make the installation of
FGD within the required time period a significant challenge. However, once FGD
or equivalent sulfur control is required, some level of co-benefit mercury control
can be expected.

4.4
Summary

At the moment, the majority of mercury control requirements apply in North
America. Although there are international and national mercury emission limits
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outside North America, the majority of these are not currently set at levels that
require any significant action to be taken. This does not, however, mean that mer-
cury is not being controlled. In fact, mercury reduction rates of over 50% and
even over 95% are being achieved in countries which require state-of-the-art tech-
nologies for particulate, SO, and NO, control as a result of co-benefit effects.
Significant reduction in mercury emissions from the coal combustion sector have
been achieved and are continuing in the EU and in countries such as Japan, Korea
and, more recently, in China. And so, as a result, there is currently no real urgency
to take specific action to control mercury. This may well change in the future if
international and national bodies decide that current rates of mercury reduction
in these regions are not sufficient.
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5
Continuous Mercury Monitors for Fossil Fuel-Fired Utilities

Dennis L. Laudal

5.1
Introduction

Instrumentation to measure mercury has been available for many years. However,
until recently, these monitors were designed to measure ambient mercury and
mercury in liquids. It has only been since about 1990 that the concept of using
mercury instrumentation to measure mercury in flue gas generated by burning
fossils fuels, such as coal, has been considered. Until that time, mercury measure-
ments were made using wet-chemistry methods such as U.S. Environmental Pro-
tection Agency (EPA) Method 29, EPA Method 101A and, later, the Ontario Hydro
method. Although these methods could be highly accurate, they were expensive
and difficult to apply. As a result, a serious effort was made to further develop
and optimize continuous mercury monitors (CMMs). CMMs have the following
advantages over traditional wet-chemistry methods:

* Yield real- or near-real-time results

» Able to assess process variability

¢ May be used for system optimization

» Provide feedback for Hg control strategies

» Have the potential to be less costly and are less labor-intensive
» Give direct measure of pollutants

* May promote better public relations.

Before these monitors could be reliably used in utility applications, many chal-
lenges had to be overcome:

* Reliability

+ Ability to accurately measure low mercury concentrations

¢ Measurement environment

¢ Dynamic range

» National Institute of Standards and Technology (NIST) traceability for
calibration.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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To resolve some of these issues, as well as others, CMMs have become complex,
with multiple parts, and new definitions were needed. For the purposes of this
chapter, the entire mercury measurement system is called a CMM. The section
of the CMM that actually analyzes the mercury in the gas steam is referred to as
a mercury analyzer. Even this is a bit of a misnomer in that these instruments are
not actually continuous. With the exception of a few in situ systems, all mercury
monitors draw flue gas into an analyzer utilizing a pump and there is a time lag
between instrument readings, which can be minutes or seconds depending on
the instrument. The exact number of CMMs installed is unknown because many
of the CMMs that were installed were not verified and/or removed following
the vacature of the Clean Air Mercury Rule (CAMR). However, it is known that
about 600 CMMs have been sold to the utility industry with about two-thirds
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Figure 5.1 Diagram of a CMM.
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manufactured by Thermo Scientific and about one-third by Tekran, with a small
number supplied by other CMM vendors [1].

5.2
Components of a CMM

In general, a CMM designed for combustion flue gas has four main sections: the
probe, the pretreatment and conversion system, the mercury analyzer, and the
calibration system. How each of these sections is configured is highly dependent
on the vendor. A diagram illustrating this is shown in Figure 5.1.

5.2.1
Mercury Analyzer

With several exceptions, all mercury analyzers measure mercury using either
cold-vapor atomic absorption spectroscopy (CVAAS) or cold-vapor atomic
fluorescence spectroscopy (CVAES).

5.2.1.1 Cold-Vapor Atomic Absorption Spectrometry

The most popular method for determining mercury in almost any type of sam-
ple in the past has been based on CVAAS and the technique is still widely used
today. Mercury is unique among metals in that it has a very high vapor pressure
at relatively low temperatures and can be introduced quantitatively to the spec-
trometer as a vapor without difficulty. Absorption at 253.65 nm in the ultraviolet
(UV) region has been measured with the use of mercury vapor lamps as well as
hollow cathode lamps as the light source. Such methods are quite old; mercury
vapor meters were first developed in the 1930s [2]. A typical CVAAS scheme is
shown in Figure 5.2. CVAAS systems typically are considered to have detection
limits somewhere in the 0.05—1.0 ug m~ range, depending on the design of the
system.

When mercury concentration in a mixed gas stream is measured, a number of
gases such as SO, can interfere with a CVAAS detector. A number of approaches
have been taken to either remove these interference gases or greatly reduce their
impact [3]. These include the use of a dual path with two detectors, gold amalga-
mation of the mercury, and the Zeeman effect.

In the dual-path method, the gas stream is split, with one of the streams having
the mercury removed using a gold or activated carbon cartridge. The absorbance
of the two streams is then subtracted, resulting in the absorbance due to the mer-
cury. The second technique, gold amalgamation, is based on the selective adsorp-
tion of mercury on a gold surface at room temperature. Mercury is released from
the gold trap by heating and then introduced into the spectrometer using an inert
gas. As a result, the only gas analyzed is the mercury. The method has the advan-
tage of not only removing interferences but also allowing for the mercury to be
concentrated, making it possible to achieve increased sensitivity without actually
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Figure 5.2 Simplified diagram of a CVAAS analyzer with dual beam (EDLs, electrodeless
discharge lamps).

changing the detection limit. Because of this concentration effect, it is possible
to use dilution to help minimize gases that could poison the gold trap, which is a
concern when this technique is used.

As stated previously, one of the flue gas constituents that greatly reduces the sen-
sitivity of CVAAS for mercury is SO,, particularly in concentrations >100 ppm.
Unfortunately, the UV absorption peak for SO, is a broad band that partially over-
laps the mercury absorption peak of 253.65 nm. As a result, several mercury ana-
lyzers use the Zeeman effect to offset this. The Zeeman effect was first used as a
background correction in the mid-1960s. The radiation source (mercury lamp) is
placed in a permanent magnetic field, resulting in a frequency splitting. The total
absorbance of the sample gas is measured at the center frequency. The absorbance
of everything except mercury is measured on the slightly shifted frequency. The
results are then subtracted, providing the absorbance due to the mercury present
in the gas stream. Although this has proved effective, there is still a dependence
on the concentration of the interfering gases [4].

5.2.1.2 Cold-Vapor Atomic Fluorescence Spectrometry

CVAFS makes use of the unique characteristic of mercury that allows measure-
ment at room temperature. Free mercury atoms in a carrier gas are excited by a
collimated UV source at a wavelength of 253.65 pm [5]. The excited atoms rera-
diate their absorbed energy (fluoresce) at this same wavelength. The fluorescence
is omnidirectional and can be detected with a photomultiplier tube. The excita-
tion path and viewing path are perpendicular to each other to allow separation.
The CVAES technique differs from the CVAAS technique in that it is more sensi-
tive, more selective, and linear over a wide range of concentrations. However, any
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molecular species, particularly diatomic molecules such as O, and N, present in
the carrier gas, will quench the fluorescence signal. One method of circumventing
this is to use gold-coated traps to collect mercury from the flue gas stream. The
traps are then heated, releasing the mercury from the gold and using an inert car-
rier gas such as argon to carry the mercury to the detector. The method is highly
sensitive, with a detection limit of <0.1 pg m~3, and inherently linear (greater than
five orders of magnitude) [6].

However, several CMM vendors have taken the approach of simplifying the pro-
cess by not using gold traps but directly analyzing the flue gas after diluting with N,
to reduce the interfering gases. In this approach, the resulting quenching of the flu-
orescence is not considered significant when measuring mercury in combustion
flue gases. The detection limit is still generally considered to be <0.03 pg m~2 [7].

5.2.1.3 Other Analytical Methods

Although almost all of the CMMs that have been developed for measuring mer-
cury in fossil fuel-fired flue gases use either CVAAS or CVAFS, other techniques
have been developed. One such method is plasma emission spectroscopy (PES).
This method is the basis for the Envimetrics Argus-Hg CMM. In this process,
a plasma source is generated using microwave technology. Because the plasma
emits light that is characteristic of the induced molecule, a low-resolution spec-
trometer can then identify that molecule based on the UV spectrum [8].

At one point, Opsis introduced a true in situ analyzer based on differential
optical atomic spectroscopy. However, this analyzer could only measure elemen-
tal mercury, with no possibility of measuring total mercury. Therefore, this ana-
lyzer had very limited application for measuring mercury in fossil fuel combustion
streams [9].

Cooper Environmental has developed a CMM based on X-ray fluorescence
(XRF). When materials are exposed to short-wavelength X-rays or gamma rays,
ionization of their component atoms takes place. Ionization consists of the
ejection of one or more electrons from the atom. The removal of an electron in
this way renders the electronic structure of the atom unstable and electrons in
higher orbitals “fall” into the lower orbital to fill the hole left behind. In falling,
energy is released in the form of a photon, the energy of which is equal to the
energy difference of the two orbitals involved. Thus the material emits radiation,
which has an energy output that is characteristic of the atoms present. With a
solid-state detector, the concentration of the atoms present in the gas can be
determined, based on the emitted radiation [10]. This type of detector has the
advantage of not only measuring the mercury concentrations but also other
metals.

5.2.2
Pretreatment/Conversion Systems and Probe

For all CMMs, essential parts of the system are the pretreatment/conversion sys-
tem and the probe. These have four major functions, which are as follows:
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1) To provide a stinger and probe that is inserted into the flue gas to sample the
flue gas.

2) To convert all mercury forms into elemental mercury.

3) To remove or greatly reduce gases that may interfere with the mercury ana-
lyzer.

4) To provide mercury speciation for some CMMs.

5.2.2.1 Sampling Probe
During the early development stage of CMMs, the probe consisted only of the
stinger, the filter, and the filter holder. Some type of filter was necessary to pre-
vent the fly ash from ruining the optics of the analyzer. However, depending on
the flue gas and fly ash, it was discovered in the early 1990s that the fly ash cap-
tured on the filter could adsorb mercury and/or change the speciation [11]. As
a result, methods were developed to remove the fly ash but minimize the con-
tact between the collected fly ash and the mercury-containing flue gas. The most
successful method was a concept called an inertial separation probe (ISP) [12].
A diagram of an ISP developed by ADA-ES is shown in Figure 5.3. As shown in
Figure 5.3, a large amount of flue gas (>201min~!) is pulled through the annulus
of the ISP using an eductor. Typically, only about 0.5 min~! (may vary depending
on the CMM) is needed for the CMM. The analyzer pump pulls the small amount
of needed gas through the sintered-metal filter portion of the ISP, removing the
particulate matter. The high velocity of flue gas passing through the annulus of
the ISP continually removes the particulate matter, resulting in minimal contact
between the particulate matter and flue gas passing into the mercury analyzer. A
detailed diagram of the sintered-metal portion of the ISP is shown in Figure 5.4.
Although most of the CMMs currently available use some type of ISP, there
have been several design changes over the past several years. One of the major
changes occurred as a result of wet stacks [13]. The ISPs were being corroded by
the acidic flue gas (see Figure 5.5) and also had severe plugging problems. As a
result, more exotic alloys such as Hastelloy® are being used. Also, the flue gas flow
rates through the ISP have been changed to help prevent plugging.

Inertial probe assembly

Mounting flange

Eductor Venturi

Gas outlet

Inertial filter

LK 3K o

Gas sample
to analyzers

Gas inlet

Figure 5.3 Diagram of an ISP. (Courtesy of ADA-ES, Littleton, CO.)
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Figure 5.4 Detailed diagram of the inertial filter portion of the ISP. (Courtesy of ADA-ES,
Littleton, CO.)
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Figure 5.5 Photograph of a sampling probe after 1 month in a wet stack.

5.2.2.2 Pretreatment and Mercury Conversion

Pretreatment/conversion systems are essentially classified into two main types.
The first are those based on wet chemistry and the second are those based on
thermal decomposition. Almost all of the mercury research done in the 1990s and
early 2000s used wet-chemistry systems. These systems can be utilized with either
CVAAS- or CVAFS-based CMMs. A diagram of a typical wet-chemistry pretreat-
ment conversion unit is shown in Figure 5.6 [14].

Because of the research nature of most of the work being done prior to the
introduction of CAMR, it was also necessary that a CMM provide mercury
speciation data. Therefore, the wet-chemistry pretreatment/conversion systems
were designed such that the CMM would provide speciated data. As shown in
Figure 5.6, the speciation was done by splitting the gas flow and passing each gas
stream through a separate solution. To measure total mercury, the flue gas passed
through a solution of SnCl,/NaOH, which removed the acid gases and reduced
all mercury forms to elemental mercury. To measure only elemental mercury, the
flue gas passed through a solution of KClI or other Hg?* solution, which removed
oxidized forms of mercury. The difference between the two measurements is the
concentration of oxidized mercury. For CVAAS mercury analyzers, it has been
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Figure 5.6 Diagram of a wet-chemistry pretreatment/conversion system for a CMM.

reported [15] that the efficiency of mercury conversion is greatly decreased by
high levels (>500 ppm) of SO, in the gas stream. For a CVAFS mercury analyzer
using gold traps, the acid gases must also be removed but for a different reason.
If HCl and NO, are present in the flue gas, the gold trap is permanently poisoned
[16]. To prevent this, it is necessary that the HCl (much easier to remove than
NO,) be removed prior to the flue gas passing through the gold trap.

Although the wet-chemistry pretreatment/conversion systems have worked
well for research, they are not suited for long-term compliance monitoring for
the following reasons:

» Extensive engineering or technician support is required.

¢ The NaOH solution will remove CO, from the sample gas, requiring that the
CO, flue gas concentration be known.

+ Tin plating and crystallization of solutions can cause problems.

¢ It is difficult to ensure that no cold spots accumulate mercury, which will show
up as mercury spikes in the data.

For these reasons, the mercury CMM vendors developed other pretreat-
ment/conversion systems that did not rely on wet chemistry.

Currently, almost all CMM pretreatment/conversion systems are based on
thermal reduction of the Hg?* forms of mercury to Hg’. Because very high
temperatures (near 900°C) are needed to ensure complete reduction, it is
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Figure 5.7 Diagram of the Thermo Scientific probe.

not practical to maintain these temperatures. If the temperature is allowed to
decrease, the mercury will recombine, resulting in a low bias in the measurement
[17]. Therefore, most CMM vendors use some form of catalytic dilution to reduce
the temperature and, at the same time, prevent recombination. The actual catalyst
used is considered propriety to the vendor. In addition, by diluting the gas stream,
the potential of interference from other flue gas constituents is greatly reduced.
Depending on the vendor, the pretreatment/conversion system is part of the
probe (Thermo Scientific) or is a separate unit generally located near the analyzer
section of the CMM (Tekran). A diagram of a pretreatment/conversion system is
shown in Figure 5.7.

Typically, dilution systems are mostly associated with CVAFS mercury ana-
lyzers because of their inherent lower detection limits. However, some of the
CVAAS systems that use gold traps to preconcentrate the mercury also use
dilution. Although CVAAS systems have inherently higher detection limits than
CVAES systems, if the mercury is concentrated on the gold trap, low mercury
concentrations can still be accurately measured by sampling and allowing more
collection time.

523
CMM Calibration System

A critical component of any CMM is the ability to calibrate the monitor to ensure
accurate results. In most continuous emission monitors (CEMs) such as those for



80| 5 Continuous Mercury Monitors for Fossil Fuel-Fired Utilities

SO, or NO, that are routinely used in power plants, calibration is done using
certified calibration gas cylinders. However, because of the low mercury concen-
trations and the stability required, the development of these calibration gases has
been difficult. NIST has been working with Spectra Gases in an attempt to certify
calibration gases [18]. Because of the cost and volume of gas needed to conduct a
CMM calibration prescribed by Performance Specification (PS)-12A, most likely
these calibration gases will have limited uses. As a result, all CMM systems sold
today provide an elemental mercury calibrator. These calibrators are either inter-
nal to the mercury analyzer or a separate unit. The elemental mercury calibration
gas is generated either by heating a pool of elemental mercury so that a carrier
gas is saturated and then the concentration is determined, based on the mer-
cury vapor pressure curves or by using permeation devices. In either case, it is
critical that the temperature and flow rates of the calibration devices be main-
tained very precisely. In most CMMs, the generated elemental mercury calibra-
tion gas can be sent to a variety of points within the system, from the probe tip
to directly into the mercury analyzer. This allows not only for instrument cali-
bration but also for troubleshooting the instrument and providing quality control
checks. A diagram of a typical elemental mercury calibration system is shown in
Figure 5.8.

When the CAMR was promulgated, the calibration requirements for CMMs
stated that the calibrators were to be NIST-traceable. The same NIST traceabil-
ity is also part of the new National Emission Standards for Hazardous Air Pol-
lutants (NESHAPs) for coal-fired power plants as NIST traceability is required
under PS-12A. In 2005, with funding from EPA, NIST began developing proto-
cols for producing vendor prime calibration systems. To date, NIST has certified
and recertified its NIST Prime elemental Hg generator and has certified the first
round of the vendor prime generators. Vendor prime generator recertification is

Model 81i Hg Calibrator
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Figure 5.8 Diagram of the Thermo Scientific elemental calibrator.
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Figure 5.9 NIST traceability scheme for CMM calibration.

expected to begin in the near future [18]. The overall NIST traceability scheme for
CMMs is shown in Figure 5.9.

PS-12A requires that compliance CMMs be calibrated using both NIST-
traceable elemental mercury calibrators and oxidized mercury calibrators.
The primary purpose of the oxidized mercury calibrator is to ensure that the
conversion system is converting all mercury to Hg’ and not creating a low bias.
Rather than actually providing vendor prime NIST-traceable oxidized mercury
calibrators, it was determined by EPA that NIST-traceability would be accom-
plished by certifying that all parts of the system be NIST-traceable. For example,
the source of mercury, mass flow controllers, and temperature controllers would
need to be NIST-traceable. As a result, NIST-traceable protocols for oxidized
mercury calibrators were not needed.

There have been essentially two approaches to the manufacture of oxidized mer-
cury calibrators. The first approach is to use the HovaCal® gravimetric approach.
A NIST-traceable HgCl, solution is made or bought and weighed precisely on a
continuous basis. A small amount of the HgCl, solution is continuously pumped in
an evaporator, resulting in gaseous HgCl,. Using mass flow controllers, a mercury-
free carrier gas is then mixed with the HgCl, vapor, which is introduced into the
CMM. This is the procedure used by Tekran and also by Cemtrex. A diagram of
the technique is shown in Figure 5.10.

The second approach is to convert the mercury generated by a NIST-traceable
elemental mercury calibrator to HgCl,. This is done by passing the output
of the elemental mercury calibrator over a heated catalyst and introducing
Cl,. This the procedure used by Thermo Scientific for its oxidized mercury
calibrator. Spectra Gases also has patented a version of this calibrator called
MerCal™ [19].

81



82

5 Continuous Mercury Monitors for Fossil Fuel-Fired Utilities

Supply unit
Liquid
Pump | MFC 1-4 Heater J
Balance Carrier- and span gas Evaporator

Figure 5.10 Basic diagram of a gravimetric oxidized mercury generator.

53
Installation and Verification Requirements

Installation and verification of CMMs for power plants are detailed in PS-12A.
The following is a brief summary of PS-12A, which assumes that the vendor rec-
ommendations for installation are also being followed.

5.3.1
Installation

Obviously, for compliance purposes, the CMM must be installed following the last
air pollution control device. This most often will be at stack location. However, it is
important that the CMM probe be installed in a location that is readily accessible,
as some maintenance will be required. Therefore, a duct location may also be con-
sidered. Because a CMM is a single-point monitor, it is required that the location
be chosen such that the flue gas is representative with little or no stratification.
As such, the chosen location must follow the requirements of EPA Method 1 and
be at least two equivalent diameters downstream of the nearest control device or
any other point at which a change in gas flow or mercury concentration could
occur. This may require mercury stratification testing using EPA Method 30B or,
alternatively, SO, stratification testing.

Once the sampling location has been chosen, the stinger is inserted such that
it is no <1.0 m from the stack wall or duct. Also, it must be within the centroidal
velocity traverse area of the stack or duct cross section.

53.2
CMM Véerification

Three tests must be performed to certify a CMM installation:

1) Measurement error (ME)
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2) Seven-day calibration drift (CD)
3) Relative accuracy test audit (RATA).

53.2.1 Measurement Error

This test requires that three levels (zero, midlevel, and high) of a mercury reference
gas be sequentially injected into the CMM such that all sections of the CMM are
challenged. This test is done in triplicate. Using the average CMM value, the ME
for each of the three reference gas concentrations is calculated using the following
equation:

_|R-A|
"~ Span

ME

X 100% (5.1)

where R is the reference gas concentration and A is the average of the CMM read-
ing for the three injections at that reference gas level. The span gas is defined in
PS-12A as gas concentration no greater than twice the emission limit. To pass the
ME test, each of the values calculated using Equation 5.1 must be <5%.

53.2.2 Seven-Day Calibration Drift

The purpose of the CD test is to verify the ability of the CMM to conform to the
established response used for determining emission concentrations. The test is
conducted with a zero gas and either the mid-level or high-level gas used for the
ME test. The gases are added to the probe sequentially. The CD is calculated using
Equation 5.2. This test is done for seven consecutive operation days.

_|[R—A|

CD
Span

X 100% (5.2)
To pass the CD test, each of the values calculated using Equation 5.2 must be <5%
for each of the 7 days.

53.2.3 Relative Accuracy Test Audit
The third CMM verification test that must be performed is a RATA. This test
involves comparison of the mercury concentration measured using a reference
method (RM) to the average CMM concentration measured over the same time
period. Although an instrumental RM (EPA Method 30A) can be used in almost
all cases, the procedures outlined in EPA Method 30B (sorbent traps) are used.
A RATA using EPA Method 30B requires that nine paired sorbent samples (C,
and Cy ) be taken at a representative location in the same duct or stack as the CMM.
Depending on the potential for the flue gas to be stratified, this may or may not
involve traversing. To be a valid pair, the relative difference between the two paired
samples (Equation 5.3) must be <10% at Hg concentrations >1.0 pg m=. If the
average Hg concentration is <1.0 pg m~2, then the relative difference between the
paired samples must be <20% or have an absolute difference of <0.2 pg m=3.

G-

RD = ———
(C,+Cp)

X 100% (5.3)
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The relative accuracy (RA) is calculated using Equation 5.4. Note that the mercury

concentrations for the CMM and RM must be on the same basis, either wet or

dry.

_ld] + Jec|
RM

RA %X 100% (5.4)

where d is the sum of the difference between the RM concentrations and the
corresponding CMM concentration, cc is the value of the confidence coefficient
(Equation 5.5), and RM is the mean of the RM values.

Sd
cC =ty s —— (5.5)

n

where ¢, ,s is the Student ¢ value based on # (from statistical tables), S is the
standard deviation (Equation 5.6), and # is the number of paired RM tests.

(5.6)

To pass the RATA, the calculated value RA in Equation 5.4 must not exceed
20%. Alternatively, if an average RM concentration is <5.0 ug m~, the results are
acceptable if the absolute value of the difference between the mean RM values and
CMM does not exceed 1.0 pug m™3,

54
Major CMM Tests

Over the last 15 years, a number of tests have evaluated the ability of CMMs to
measure mercury at fossil fuel-fired boilers. These tests have been conducted by
the vendors themselves and/or the utilities as well as by independent agencies such
as the U.S. Department of Energy (DOE), EPA, and the Electric Power Research
Institute (EPRI). Below is a summary of some of these tests.

One of the first systematic tests was funded by EPA and DOE at a cement plant in
Holly Hills [20]. Three different CMMs were tested at the Holly Hills cement plant
in 1995. The installed CMMs were compared to the RM, EPA Method 29. In gen-
eral, these tests were not very successful for a number of reasons. The cement plant
burned a wide variety of fuel, including hazardous wastes and, as such, the flue
gas constituents changed widely during the testing. Because the effects of these
flue gas constituents were not very well known at the time, the CMM mercury
measurements were not very accurate. Also, there were several mechanical and
engineering problems because these instruments were still in the development
stage.
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EPA’s Environmental Technology Verification Program’s Advanced Moni-
toring Systems Center, operated by Battelle under a cooperative agreement
with EPA, between 2001 and 2007, evaluated 10 different instrumental
CMMs and a sorbent trap CMM. The verification testing was conducted
in three phases. It should be noted that not all CMMs were tested in all
three phases. In the first phase, four CMMs were tested under conditions
simulating (i) coal-fired flue gas and (ii) municipal incinerator flue gas.
The tests took place at a pilot-scale incinerator in Research Triangle Park,
North Carolina, over a 3-week period. In the second phase, five CMMs
(including two of the technologies tested in the first phase) were evaluated
at a full-scale hazardous waste incinerator in Oak Ridge, Tennessee. The
third phase was conducted at a coal-fired power plant. The reports for each
of these systems are available on EPA’s Web site at www.epa.gov/etv/vt-
ams.html#mcem. As would be expected, the results were mixed. Some
of the systems compared very well to the RM, while others had more
difficulties.

One of the more extensive field tests was completed at Tennessee Valley
Authority’s Trimble County Power plant, Unit 1 [21]. This plant burns an eastern
bituminous coal, utilizes selective catalytic reduction for NO, removal (operates
during the ozone season), an electrostatic precipitator, and a wet scrubber. As
a result, the mercury concentration at the outlet of Unit 1 was low, typically
<2.0 ug Nm~3. Testing began in November 2004 and continued through Septem-
ber 2005. The purpose of this field test program was to collect data to assess the
ability of commercially available CMMs to provide reliable and accurate data over
an extended time period while meeting certification, durability, data availability,
and setup/maintenance requirements. In particular, data were collected to assess
the ability of the CMMs to satisfy the requirements of PS-12A. The testing was
divided into two phases (Phases 1 and 2). Phase 1 consisted of the setup and
verification of four different CMMs at the power plant. In addition, some data
were gathered as to the maintenance requirements. In Phase 2, two additional
CMMs (plus the original four) were added and verified. Phase 2 saw 7 months of
testing.

The results of this test program demonstrated that the source characteristics
can have a significant effect on CMM performance. Regardless of the vendor sup-
plying the CMMs, it is clear that CMMs should be appropriately modified for the
source. For instance, the source sampled for this demonstration project had a wet
stack and thus required a CMM with efficient sample transfer and conditioning
capabilities in order to function properly. Detailed results of this test program can
be found at www.epa.gov/ttn/emc/cem/hgcemsdemo.pdyf.

With the promulgation of the Utility NESHAPs Mercury and Air Toxics
(MATs), mercury limits are based on maximum achievable control technology
(MACT). Obtaining this level of control will often require measuring mer-
cury at concentrations <1.0 ugm~3. There is little data in the literature as to
the validity of using CMMs to consistently and accurately measure mercury
concentrations <1.0 ugm™3. As a result, the Energy & Environmental Research
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Figure 5.11 Summary of the low-level mercury testing at the EERC.

Center (EERC), with funding from the Illinois Clean Coal Institute (ICCI), DOE,
EPRI, and the EERC Center for Air Toxic Metals®, conducted a pilot-scale test
program to systematically determine the precision and accuracy of the two
most widely used CMMs by the utility industry — Tekran and Thermo Scientific
CMMs — when measuring mercury at these levels [22]. The first portion of the
test was conducted firing natural gas with 0.5—1.0pgNm= of elemental and
oxidized mercury spiked into the flue gas. The second portion of the test involved
firing an Illinois bituminous coal with a baghouse and wet scrubber in operation.
Again, the outlet mercury concentration was <1.0pgNm™. A summary of
the results are shown in Figure 5.11. As can be seen in Figure 5.11, the results
for the Thermo Scientific CMM were problematic. This was believed to be a
result of a software error; therefore, a second week firing coal was conducted
using only the Thermo Scientific CMM. The results were considerably better
the second week. In general, it was concluded that both instruments provided
quite good agreement with the RM even at these low mercury concentrations.
Detailed results of this test program can be found at the ICCI Web site at
www.icci.org/reports/10Laudal6A-1.pdf.

Under the MATSs rule, the reliability of CMM:s will be a critical issue as utilities
will be penalized for incomplete or missing data. Although the experiences of the
utilities with CMMs have been varied, in general, once these instruments have
been installed, are operating correctly, and properly maintained, they are highly
reliable. Figure 5.12 shows the percent availability for 10 different Tekran monitors
over the year 2009 [23]. As can be seen, the average reliability was >91%, with the
lowest being about 87%. This is typical of many of the CMM installations.
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Figure 5.12 Availability of Tekran CMM during the 2009 calendar year.

5.5
CMM Vendors

As stated earlier, most of the CMM sales to the utility industry have been either
Tekran or Thermo Scientific. However, a number of other vendors are also offering
complete systems. Table 5.1 provides a listing of vendors that have the potential to
provide complete mercury measurement systems to the utility industry as of 2011.
Currently, these other instruments have primarily been used to measure mercury
for non-utility industries such as incineration, natural gas refining, mining, or the
manufacture of cement. For a detailed description of the CMMs, Web sites are
provided in Table 5.1.

Table 5.1 List of vendors offering CMM systems to the utility industry.

Vendor Instrument Analysis  Web site

method
Thermo Scientific Mercury Freedom System CVAF  www.thermoscientific.com/
Tekran Instrument Corp. Series 3300 CVAF  www.tekran.com/
Envimetrics Argus-Hg PES www.envimetrics.com/
PS Analytical PSA 10.665 System CVAF  www.psanalytical.com/
Gasmet Gasmet CMM CVAF  www.gasmet.fi/
Cemtrex SM-4 CVAA  www.cemtrex.com/
Sick Maihak GmbH MERCEM300Z CVAA  www.sick.com/
Durag Group HM 1400 TR CVAA  www.durag.com/

Pall Corporation Xact 645 XRF http://pall.com/
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6
Batch Methods for Mercury Monitoring

Constance Senior

6.1
Introduction

The previous chapter discussed continuous emissions monitoring systems
(CEMS) for quantifying mercury concentrations in combustion flue gas. In
this chapter, several batch methods for quantifying mercury concentration are
discussed. A number of batch, wet-chemistry based methods are available for
measuring mercury in flue gas. Recently, dry batch methods, also known as
sorbent trap methods, have been preferred for many applications. In the United
States, sorbent trap methods have been specified by the U.S. Environmental
Protection Agency (EPA) as being acceptable for compliance with federal mercury
emissions standards for a number of industrial combustion sources.

6.2
Wet Chemistry Batch Methods

6.2.1
Early EPA Total Hg Methods

EPA developed several wet chemistry methods for measuring mercury in indus-
trial stack gases in order to quantify emissions. Descriptions of these methods can
be found at the EPA website [1]. EPA Method 101A was developed for determina-
tion of gaseous and particulate mercury emissions from sewage sludge incinera-
tors, but is often applied to coal-fired boilers to measure total mercury emissions.
EPA Method 29 was developed to measure mercury and other metals in stack
emissions.

Figure 6.1 gives a schematic of Method 101A. A probe is inserted into the flue
gas with a nozzle designed for isokinetic sampling of the flue gas. A pitot tube
probe and a thermocouple are also inserted into the duct. The size of the noz-
zle is matched to the gas velocity in the flue gas. The probe is traversed in the
flue gas during the test in order to collect a representative sample. The sample is
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Figure 6.1 Schematic of EPA Method 101A.

withdrawn through the probe and into a heated filter. The filter collects the par-
ticulate matter (PM). After the filter, the sample gas is pulled through a series of
four glass impingers in an ice bath. The first three impingers contain a solution of
4% KMnO,-10% H,SO, (wt% basis). The fourth impinger contains silica gel to
dry the gas. Following the impingers, there is a pump and dry gas meter.

EPA Method 29 is designed to measure the solid particulate and gaseous emis-
sions of mercury and 16 other trace elements (antimony, arsenic, barium, beryl-
lium, cadmium, chromium, cobalt, copper, lead, manganese, nickel, phosphorus,
selenium, silver, thallium, and zinc). The equipment and sampling train are simi-
lar to that for Method 101A, with the exception of the impingers. In Method 29,
gaseous metals and mercury are collected in two impingers in series containing
an acidic peroxide solution (5% HNO;/10% H,O,). An empty impinger follows
the first two impingers in the train. Elemental mercury that passes through the
first three impingers is collected in the two following impingers in series contain-
ing acidified permanganate (10% H,SO,/4% KMnO,). A final impinger containing
silica gel is used to dry the sample gas. After the measurement, the contents of the
peroxide impingers are saved separately from the contents of the permanganate
impingers in an attempt to quantify mercury speciation.

A minimum sampling time of 2h is recommended for Method 101A. Similar
sampling time is usually used for Method 29. The limits of detection of the meth-
ods may be improved by increasing the sample time. In Method 101A, if there is
an excess of oxidizable organic matter in the gas stream, it may be impossible to
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sample for the minimum time. This problem will be indicated by the loss of the
purple color of the KMnO, solution.

Both methods require leak-checking before and after the test. Post-test, the
glassware, including the glass-lined probe, must be rinsed, and the rinsate saved
for analysis. The method also requires the use of blanks for the impinger solutions
and the filter in the field. After the test, the filter, collected solutions, and blanks are
analyzed in a commercial laboratory using cold-vapor atomic absorption (CVAA)
spectroscopy.

Three replicate measurements are usually conducted for these methods. These
can be done in 1day, but are often completed over 2 days. The methods require
considerable time to set up and recover samples from each measurement. A high
level of quality assurance/quality control (QA/QC) and well-trained personnel are
needed for these wet chemistry methods.

6.2.2
Development of Wet Chemistry Methods to Speciate Hg

EPA Method 29 was not originally designed for mercury speciation analysis. In
the 1980s, various research groups evaluated the method for mercury speciation,
because it was thought that the gaseous oxidized (Hg?*) and elemental (Hg)
species would be selectively absorbed in the separate acidified hydrogen peroxide
and acidified permanganate solutions, respectively. However, experience from
data validation experiments showed that the two different impinger solutions
were not effective for reliably separating the Hg?* and Hg® species in a coal-
combustion flue gas containing high levels of SO,. As a consequence, several
groups proposed modifications to the impinger solutions used in EPA Method 29.
These included the Ontario Hydro, Tris buffer, and Research Triangle Institute
(RTI) methods. All three methods used the framework of Method 29, but
substituted different impinger solutions for the speciation of mercury [2].

The Ontario Hydro method was developed by Dr. Keith Curtis and colleagues
at Ontario Hydro Technologies in late 1994. In this method, three aqueous
1N potassium chloride (KCI) impinger solutions were substituted for one of
the HNO3;—-H,0O, solutions. Originally, no acidified peroxide impingers were
included in the sampling train. However, it was discovered that when SO,
concentration in the flue gas was >~750 ppm, the SO, reacted with the KMnO,
neutralized, which meant that sampling time had to be very short. To avoid
this problem, an impinger of acidified peroxide solution was used directly after
the KCI impingers in order to absorb the SO,. It is assumed that any mercury
collected in the acidified peroxide solution was Hg’, as the KCl solutions would
collect all of the Hg?*. Early testing also showed a substantial portion of the
mercury was lost from the solutions [3]. To prevent this, acidified perman-
ganate, dichromate, or acidified peroxide solution was added to the KCI solution
immediately following sampling.

Formal evaluation of the Ontario Hydro method was completed with dynamic
spiking of Hg® and HgCl, into a flue gas stream [3]. The Ontario Hydro method
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Table 6.1 Comparison of wet chemistry methods.

Method Sampling train configuration Impinger configuration Analytical
(number of impingers — impinger set solution)  method
Front-half Back-half  First set Second set Third set
collection collection
(PM and ng) (gaseous Hg)
EPA Method 101A Glass fiber Impinger 3H,SO, - None used None used CVAA
filter solutions KMnO,
EPA Method 29 Glass fiber Impinger 2HNO,; - 1dry 2H,S0, - CVAA
filter solutions H,0, KMnO,
Ontario-Hydro Glass fiber Impinger 3KCl 1HNO; - 3H,S0, - CVAA
Method filter solutions H,0, KMnO,

is now ASTM Method D6784-02 [4]. The method outlines QA/QC procedures,
including leak-checking, calibration, and the use of blanks. The three wet chem-
istry methods discussed are compared in Table 6.1.

6.2.3
Method Application and Data Quality Considerations

The precision of measurement of particulate, oxidized, and elemental mercury is
influenced by many factors: flue gas concentration, source, procedural, and equip-
ment variables. To ensure that precise results are achieved, the sampling system
must be leak-free, system components must be accurately calibrated, the proper
sampling locations must be selected, glassware must be thoroughly cleaned,
and prescribed sample recovery, preparation, and analysis procedures must be
followed.

In the ASTM method description [4], 0.5pgm™ is estimated as the lower
limit for most applications. Ryan and Keeney [5] stated that, assuming a 50-50
split between oxidized and elemental mercury in a flue gas, the lower limit of
quantitation for total mercury in the Ontario Hydro Method ranges from 0.31 to
0.62 pg m~3. The lower limit of quantitation can be reduced by using low mercury
calibration standards. However, at such low concentrations, achieving adequate
blank samples may be difficult.

The impinger-based methods were designed to be used downstream of the
plant’s particulate control device. In many cases (for research or survey purposes),
these wet methods are used before the particulate control device, when there
is a lot of particulate matter present in the flue gas. In these situations, reactive
particulate matter can bias the speciation. This bias can be manifest as either
artificially high oxidized mercury (in the case of the Ontario Hydro Method)
or high particulate mercury. All the sample gas must pass through the filter.
Gaseous mercury species in flue gases can interact with fly ash particles collected
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on the filter and can produce a positive particulate mercury bias. In some cases,
particulate-bound mercury collected on the filter can volatilize because of flue
gas exposure, and be collected in the impingers. Such vaporization losses of
mercury result in a negative particle-bound mercury bias.

There are practical limitations to the impinger-based methods arising from the
complex sample trains, which are composed of relatively large amounts of glass-
ware and tubing. Furthermore, the glass impingers contain strongly oxidizing and
acidic reagents requiring labor-intensive sample recovery and analytical proce-
dures. Usually, these solutions must be shipped to a laboratory quickly. In some
cases, testing contractors have brought complete analytical laboratories on-site
for analysis. This reduces the turnaround time for obtaining results, but can sub-
stantially increase the cost of the measurements.

6.3
Dry Batch Methods

6.3.1
Sorbent Trap Method History

In this section, the general concept of sorbent trap methods will be discussed, in
addition to specific methods such as Performance Specification 12B (PS-12B) and
Method 30B. In addition, speciation sorbent traps, which are used for research
and demonstrations, will also be discussed.

Sorbent trap methods for measuring mercury in combustion gas were devel-
oped in the early 1990s in the United States and have been used, in one form
or another, for the last 20years. The first method was developed by Frontier
Geosciences and was called the mercury speciation adsorption (MESA) method
[6]. The MESA method was used in a number of pilot and field demonstrations
of mercury control technology on coal-combustion systems in the mid- to
late-1990s [7]. Improvements were made to the method, under sponsorship
of the Electric Power Research Institute (EPRI), and the resulting method was
known as QuickSEM. In 2004, U.S. EPA adopted the method as part of the
draft Utility Mercury Reduction Rule and called it Method 324. In 2005, EPA
proposed a different utility regulation on mercury emissions called the Clean
Air Mercury Rule (CAMR); CAMR utilized a sorbent trap method known as the
Appendix K method. CAMR was ultimately not promulgated by EPA. In 2010,
EPA included PS-12B in the compliance monitoring procedures promulgated
as part of the Portland Cement Maximum Achievable Control Technology
(MACT) rulemaking [8]. In February 2012, EPA finalized the Mercury and
Air Toxics Standard (MATS) rule for utility boilers, and this rule included
PS-12B as an acceptable method for mercury measurement for compliance with
the rule.

Total mercury measurement is needed for compliance with regulations.
However, scientists and engineers need to measure speciated mercury in flue
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gas in order to evaluate control technology options. As discussed above, the wet
method, the Ontario Hydro Method, provides speciated mercury information,
but this method is complicated and time-consuming to implement. Therefore,
speciation sorbent trap methods have been developed.

The MESA sorbent trap method uses a trap containing KCl/soda lime to collect
oxidized mercury. It has been used for measurement of both total Hg and speci-
ated Hg in flue gas as for the EPRI PISCES program [9, 10] and performance-tested
for total mercury using EPA Method 301 [11, 12]. It was evaluated for speciated
Hg in coal flue gas [13, 14]. Total Hg results were within acceptable limits for sen-
sitivity, accuracy, and precision [13, 15].

Frontier Geosciences developed the flue gas mercury sorbent speciation (FMSS)
method in which a semi-isokinetic sample was pulled from the flue gas through
a mini-particulate filter and a heated solid sorbent sample train, consisting of
parallel sorbent traps. Analysis of the filter was carried out for particulate mer-
cury and the sorbents were analyzed for gaseous Hg species. In the sorbent trap
section, the first trap contained dry KCl-coated quartz chips and was used to cap-
ture the oxidized mercury. The second trap contained iodine-impregnated acti-
vated carbon to capture the elemental mercury. The FMSS method was validated
according to the modified EPA Method 301 [16]. EPA Method 301 [17] specifies
procedures for determining the precision and bias of measured emissions using
a specific method at the concentrations typical of the specific standard for the
source.

Currently, the most widely used speciated Hg sorbent trap method is the flue
gas adsorption for mercury speciation (FAMS) method [18], which uses the
KCl/quartz trap to remove oxidized mercury and an activated carbon trap to
remove elemental mercury. The FAMS method was also developed by Frontier
Geosciences.

As both CEMS and sorbent trap methods for compliance with mercury emis-
sions regulations were being developed, there was a need for a reference method
(RM) to verify the performance of the measurement system once installed at a
specific plant. This performance verification was initially conducted using wet
chemical methods, such as the Ontario Hydro Method (ASTM D6784) as the RM.
However, such methods proved to be complex, slow, and cumbersome. In 2007,
the EPA issued a direct final rule to add two reference measurement methods
for coal-fired power plants. The two methods, Method 30A and Method 30B,
were intended for use in relative accuracy audits (RATAs) of mercury emissions
monitoring systems installed in combustion systems. Method 30A was based
on a continuous monitoring instrument, while Method 30B was a sorbent trap
method [19].

Monitoring of mercury emissions from coal-combustion systems for compli-
ance purposes in the United States can be carried out using either a continuous
emission monitoring system (CEMS) (as specified in EPA’s PS-12A) or a sorbent
trap (PS-12B). A part of the certification process for either emissions monitor-
ing system is a RATA, which can be performed using the Ontario Hydro Method,
Method 30A (instrumental RM) or Method 30B (sorbent trap RM).
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6.3.2
Method Overview

In a sorbent trap method, a known volume of flue gas is pulled through paired,
pre-spiked traps located in the stack or duct. The exposed traps can be analyzed
by any method that meets the specified QA/QC criteria. The collection of paired
samples is needed to determine the method precision.

Figure 6.2 shows a general schematic of the sampling set-up for sorbent trap
methods. Two sorbent traps are located in the flue gas duct (detail not shown in
figure). Gas is drawn through the traps in parallel. The sample is not isokinetic.
Sorbent trap methods are intended for use only under conditions of relatively low
particulate loading (i.e., sampling after particulate control devices); in cases where
significant amounts of particle-bound Hg may be present, an isokinetic sampling
method for Hg should be used.

The rest of the sampling system consists of a system to remove moisture, a pump,
and dry gas meter. The measurement of the temperature and pressure at the dry
gas meter (sampling console) is critical for calculating an accurate sample volume.
The actual temperature and pressure of the sampled (flue) gas is not required. For
a continuous mercury monitor, the flow rate is adjusted to maintain sample flow
rate in proportion with total flue gas flow rate in the duct.

6.33
Total Hg Measurements

6.3.3.1 PS-12B
The purpose of this method is continuous monitoring of mercury from com-
bustion stacks. Each trap must have the sorbent configured into three sections
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Figure 6.2 Schematic diagram of sorbent trap sampling system.
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Figure 6.3 Three-section trap for PS-12B.

that can be tested independently (Figure 6.3). Plugs of quartz wool separate the
sections. There is also a quartz wool plug before the first section and after the last
section. A common trap sorbent material is activated carbon impregnated with a
halogen such as iodine or bromine. The first section is for primary mercury col-
lection. The second section is to provide an indication of mercury breakthrough.
If there is too much breakthrough (i.e., too much mercury in the second trap),
the sample could be invalidated. The third section is for spike recovery testing.

The spiked section is prepared in advance, using a mercury sample gas, which
is flowed through the section. The method allows the use of any method for gen-
erating a known mass of gaseous elemental mercury as long as National Institute
of Standards and Technology (NIST)-traceable standards are used. For example,
an elemental mercury gas generator or cylinder of mercury calibration gas can be
used to generate the mercury for the spike.

6.3.3.2 Method 30B

For RATA testing, Method 30B is used. The Method 30B trap has two sections, as
shown in Figure 6.4. Quartz wool plugs separate the sections and an initial quartz
wool plug removes any particles in the sample gas. There is no separate section
for spiking but the first section of one of the paired traps is spiked with elemental
mercury to assess the measurement bias and to verify data acceptability in the

field.

6.3.4
Speciation Measurements

Speciation traps have been developed as an alternative to the Ontario Hydro
Method for speciation of mercury in flue gas. As noted above, the most widely

Gas rom‘ (

Figure 6.4 Two-section trap for Method 30B.
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At flue gas Temperature-controlled: 95 + 5 °C
temperature

Figure 6.5 Sorbent trap configuration for speciated Hg measurement.

used speciation sorbent trap method is based on Method 30B [18]. Figure 6.5
shows a schematic of the sections in each trap.

In this method, there is a particulate collection section, followed by two sections
to collect oxidized mercury (primary and breakthrough), which contain KCI on
quartz chips, and two sections to collect elemental mercury (primary and break-
through), which contain iodated or brominated carbon. An acid-gas scrubbing
trap may also be used to remove acid gases like SO,. In some implementations of
speciation traps, the particulate collection section of the trap is at the temperature
of the flue gas being sampled, and in other implementations, a quartz wool plug
is used upstream of the first trap. In any case, the other sections of the traps are
controlled to 95 +5 °C to prevent breakthrough of mercury on the KCl sections.
One manufacturer of speciation traps also recommends that the trap should be
kept 20-30 °C above the dew point of the sample gas in the duct [20].

Speciation sorbent traps use the same sampling apparatus as that for the total
mercury methods, with the exception of a special probe to control the temperature
of the sections intended to collect gaseous mercury.

6.3.5
Sampling Protocol

6.3.5.1 Procedure and Apparatus

The assembled system is leak-checked before the sampling begins and after the
sampling ends. After a period of sampling, the traps are removed and the indi-
vidual sections are analyzed to measure the total amount of mercury in the traps.
The mass of mercury collected in the traps divided by the total gas volume over
the period of the sampling indicates mercury concentration in the gas.

As noted above, the speciation trap method requires a temperature-controlled
probe, which the total mercury trap methods do not.

During the sampling period, it is important to measure the characteristics of the
flue gas, for example, the oxygen content, flue gas velocity, and the moisture con-
tent. These will be used to determine the sample rate (for proportional sampling)
and to convert the results to the units of emissions (pound per trillion British ther-
mal unit or pound per gigawatt hour). To compare the sorbent trap result to that
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of a mercury CEMS, the results might have to be converted to concentration on a
wet volume basis, because this is how some CEMS measure mercury in flue gas.

The sampling period is not specified in the methods. There are several factors
that influence the sampling period. The total amount of mercury collected on an
individual trap depends on the concentration in the flue gas, the sampling time,
and the sample flow rate. The amount of mercury collected on a trap must fall
within the range of the calibration curve for the analytical method. Furthermore,
the spikes of mercury added to section 3 (PS-12B) or section 1 (Method 30B) must
have a mass of mercury that is in the expected range of mercury to be collected
in the sample (section 1). For Method 30B, the spiked amount of mercury must
be within +15% of the expected mass of mercury on section 1. Method 30B is not
intended for long sample times, as is PS-12B. If the sample period for PS-12B is
too long (days to weeks), there may be breakthrough of mercury from section 1 to
section 2, which will invalidate the run. Finally, if the sampling time is too short
(<30 min), then small errors in the start and end times might result in substantial
errors in the measured concentration.

6.3.6
Trap Analysis

The two most widely used approaches to analyzing the traps for mercury are (i) a
wet digestion method using cold vapor atomic fluorescence (CVAF) spectroscopy
and (ii) direct pyrolysis into a CVAA analyzer. The latter approach can be done on
site with the proper equipment, adherence to standards of cleanliness, and proper
calibration. Analysis of the traps is destructive; if there is a problem with the anal-
ysis, it cannot be repeated. Elemental mercury will absorb 253.7 nm UV light, and
a CVAA detector will have exquisite low detection limits for mercury. However,
contaminants such as sulfur dioxide, water, oxygen, halogens, and organic species
can interfere with the determination of elemental mercury by CVAA.

6.3.7
Relative Accuracy and Quality Assurance/Quality Control

The sorbent trap methods are performance-based, which means that while some
specifics of the method are not dictated (e.g., sample time, trap composition), the
method must meet rigorous QA/QC criteria. The QA/QC criteria for PS-12B [8]
and Method 30B [19] are similar, as seen in Tables 6.2 and 6.3.

For PS-12B, initial certification of the system requires a RATA using an RM.
Acceptable RMs are the Ontario Hydro Method, Method 30A, or Method 30B.
Twelve RM samples must be taken and the best nine samples compared to corre-
sponding sorbent traps. The average relative difference between the sorbent trap
measurements and the RM can be no >20%. If the RM concentration is <5 pg m~3,
then the relative accuracy (RA) criterion is satisfied, if the difference between the
average values of the continuous measurement and the RM is not >1 pgm~3,
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6.4 Recommendations

6.4
Recommendations

For long-term monitoring of mercury emissions or for short-term testing of mer-
cury control technologies, CEMS or batch methods can be used. The two types
of methods have advantages and disadvantages. Consideration should be given to
some of the following factors when choosing a mercury measurement method.

6.4.1
Particulate Matter

If there is a need to sample a gas that has a high dust loading and there is an
expectation that there will be a significant component of mercury in the partic-
ulate matter, the best option is one of the wet chemistry methods, which collect
an isokinetic sample on a filter (bearing in mind the potential for bias because of
the particulate matter on the filter). When sampling after the particulate control
device, the mercury in the flue gas will be almost entirely gaseous mercury and a
CEMS or sorbent trap will give representative results.

6.4.2
Total Versus Speciated Mercury

For evaluating emissions from a combustion source for compliance purposes,
only total mercury is required. This can be measured with a CEMS or with one
of the batch methods that measure total mercury (Method 101A, Method 29,
PS-12B). For research or testing reasons, it is sometimes necessary to measure
gaseous speciation; for example, if there is a need to quantify re-emission of
elemental mercury across a wet scrubber, speciated mercury measurements
(CEMS, Ontario Hydro Method, FAMS) should be made at the inlet and outlet
of the scrubber.

6.4.3
Expected Mercury Concentration in the Flue Gas

The Ontario Hydro Method is generally accurate above a total mercury concen-
tration in the flue gas of 0.5pgm™3, although the lower limit of detection can
be higher, depending on the care taken by the test personnel. At present, NIST-
traceable calibration gases for Hg CEMS provide concentrations from ~0.2 to
>40 pg m~3. Most commercial CEMS can accurately measure mercury in flue gas
down to the lower concentration of 0.2 pg m=3. Sorbent traps can measure even
lower concentrations of mercury in flue gas, because the sampling time can be
increased to ensure that an adequate mass of mercury is collected in the traps.
When very low levels of mercury are expected in the flue gas, sorbent traps are
preferred.
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6.4.4
Need for Real-Time Data

In some instances, a concentration of mercury averaged over 30 min to several
hours (or even days) will suffice. In this case, batch sampling methods can be used.
However, in some cases (for example, process control or short-term technology
demonstrations), a continuous mercury measurement is required, and a CEMS
must be used. Furthermore, batch methods use destructive analysis; if a measure-
ment is lost or invalidated, there are no data for a specific period. CEMS provide
data every 1—2 min typically.

6.4.5
Complexity of Installation and Operation

Sorbent trap methods are less expensive and complicated to install than CEMS or
wet chemistry methods. Sorbent trap systems are less complex than CEMS and
do not require as much training of technical personnel over long-term operation.
Wet chemistry methods are not used for continuous monitoring of a source. These
methods require specifically trained personnel and great care in preparation, set-
up, and post-test sample collection and stabilization.

References

1.

U.S. EPA (2012) Technology Transfer
Network, Emission Measurement Center,
http://www.epa.gov/ttn/emc/ (accessed 16
December 2012).

Electric Power Research Institute (1999)
A State-of-the-Art Review of Flue Gas
Mercury Speciation Methods. Final
Report TR-107080, EPRI, United States
Department of Energy, Palo Alto, CA,
Pittsburgh, PA.

Electric Power Research Institute

(1999) Evaluation of Flue Gas Mer-
cury Speciation Methods. Final Report
TR-108988, EPRI, United States
Department of Energy, Palo Alto, CA,
Pittsburgh, PA.

ASTM International (2002) D 6784.
Standard Test Method for Elemental,
Oxidized, Particle-Bound and Total
Mercury in Flue Gas Generated from
Coal-Fired Stationary Sources (Ontario
Hydro Method), June 2002, American
Society for Testing and Materials.

Ryan, J.V. and Keeney, R.M. (2004) The
ontario hydro method for speciated

mercury measurements: issues and con-
siderations. Presented at the Symposium
on Air Quality Measurement Methods
and Technology-2004, Research Triangle
Park, NC, April 19-22, 2004.

. Prestbo, E.M. and Bloom, N.S. (1995)

Mercury Speciation Adsorption (MESA)
method for combustion flue gas,
methodology, artifacts, intercompari-
son and atmospheric implications. Water
Air Soil Pollut., 80, 145.

. Haythornthwaite, S., Sjostrom, S., Ebner,

T., Ruhl, J., Slye, R., Smith, J., Hunt, T.,
Chang, R., and Brown, T. (1997) Demon-
stration of dry carbon-based sorbent
injection for mercury control in utility
ESPs and Baghouses. EPRI-DOE-EPA
Combined Utility Air Pollution Control
Symposium, EPRI TR-108683-V1-V3,
Washington, DC, August 25-29, 1997.

. U.S. EPA (2010) Performance Spec-

ification 12B — Specifications and
Test Procedures for Monitoring
Total Vapor Phase Mercury Emis-
sions from Stationary Sources Using
a Sorbent Trap Monitoring System,


http://www.epa.gov/ttn/emc

10.

11.

12.

13.

14.

15.

http://www.epa.gov/ttn/emc/perfspec/ps-
12B.pdf (accessed 20 March 2014).
Prestbo, E.M. and Bloom, N.S. (1994)
Mercury Speciation Adsorption (MESA)
Method intercomparison results in
combustion flue gas. Proceedings Coal-
Energy and the Environment, 11th
Annual Pittsburgh Coal Conference,
Pittsburgh, PA, September 12-16,

1994.

Chu, P. and Porcella, D. (1995) Mercury
stack emissions from U.S. electric utility
power plants. Water Air Soil Pollut., 80,
137.

Nott, B.R., Huyck, K.A., DeWees, W.,
Prestbo, E.M., Olmez, L., and Tawney,
C.W. (1994) Evaluation and comparison
of methods for mercury measurement
in utility stack gas. Presented at the Air
and Waste Management Association
Annual Meeting, Paper #94-MP6.02.
Nott, B. (1985) Intercomparison of stack
gas mercury measurement methods.
Water Air Soil Pollut., 80, 1311.

Laudal, D., Nott, B., Brown, T., and
Roberson, R. (1997) Mercury speciation
methods for utility flue gas. Fresenius J.
Anal. Chem., 358, 397.

Laudal, D.L., Heidt, M.K., Brown, T.D.,
Nott, B.R., and Prestbo, E.M. (1996)
Mercury speciation: a comparison
between EPA method 29 and other sam-
pling methods. Presented at the Air and
Waste Management Association Annual
Meeting, Paper #96-WA64A.04.
Prestbo, E.M. and Tokos, J.S. (1997)
Mercury speciation in coal combustion
flue gas: MESA method. Presented at

16.

17.

18.

19.

20.

References

Air and Waste Management Association
Annual Meeting, Paper 97-WP72B.02.
Laudal, D.L, Thompson, J.S., Dunham,
G.E., Pavlish, J.H., Galbreath, K.E.,
Weber, G.F.,, and Sondreal, E.A. (2002)
Mercury Studies, Appendix B. Final
Report for U.S. Environmental Protec-
tion Agency Cooperative Agreement
No. R-828323-01, U.S. Department of
Energy National Energy Technology
Laboratory Cooperative Agreement,
No. DE-FC26-98FT40321, and Ontario
Power Generation; Energy & Environ-
mental Research Center, Grand Forks,
ND, November 2002.

U.S. EPA (2011) Method 301 —Field
Validation of Pollutant Measurement
Methods from Various Waste Media.
Code of Federal Regulations, Title 40,
Parts 63, Appendix A.

Wright, J. (2012) Low level mercury
monitoring using sorbent traps to meet
MATS monitoring requirements. Pre-
sented at Reinhold Environmental 2012
APC Round Table, Baltimore, MD, July
16-17, 2012.

U.S. EPA (2009) Method

30B — Determination of Total Vapor
Phase Mercury Emissions from Coal-
Fired Combustion Sources Using Carbon
Sorbent Traps, http://www.epa.gov/
ttn/emc/promgate/Meth30B.pdf (accessed
20 March 2014).

Ohio Lumex Company (2009) Test-

ing and Analyzing Speciation Traps,
http://www.ohiolumex.com/download/
Speciation_Traps_SOP_090409.pdf
(accessed 13 January 2013).

107


http://www.epa.gov/ttn/emc/perfspec/ps-12B.pdf
http://www.epa.gov/ttn/emc/perfspec/ps-12B.pdf
http://www.epa.gov
http://www.ohiolumex.com/download




109

Part Il
Mercury Chemistry in Coal Utilization Systems and Air
Pollution Control Devices

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.






7
Mercury Behavior in Coal Combustion Systems

Constance Senior

7.1
Introduction

Control of mercury emissions from coal combustion systems relies on an
understanding of the chemistry of mercury and its interactions with various
elements in the combustion system. In coal utilization systems, mercury can
take on different chemical forms in flue gas: gaseous elemental (Hg®), gaseous
oxidized (Hg?"), and particulate-bound (ng). As discussed in Chapter 1, the
form in which mercury is emitted to the atmosphere determines its fate and
transport in the environment. In this chapter, the factors influencing the forms of
mercury found in coal combustion flue gas are elucidated.

Coal combustion systems that are used in electricity generating unit (EGU)
boilers or industrial, commercial, and institutional (ICI) boilers have a vari-
ety of designs. The compositions of coals, which are burned to generate
electricity and/or steam in these boilers, vary considerably. Finally, there are
different types of air pollution control devices (APCDs) in use on coal-fired
boilers to control emissions of NO,, SO,, and particulate matter (PM). These
three factors — combustion system, coal type, and existing APCD config-
uration — affect the form and speciation of mercury that is emitted to the
atmosphere and the degree of difficulty in controlling the emission of mercury to
the atmosphere.

Later chapters in this book will discuss control technologies that are specific
to mercury capture from coal-fired boilers. In this section, the groundwork will
be laid for understanding mercury control technologies applied to coal combus-
tion systems. The characteristics of coal combustion boilers and APCDs will be
described. Then, the chemistry of mercury in coal combustion systems will be
discussed. Finally, the behavior of mercury in the existing APCDs on coal-fired
boilers will be explored.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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7.2
Coal Combustion Boilers

The purpose of EGU or ICI boilers is to generate steam, which is used to generate
electricity in EGU boilers and certain ICI boilers or to generate steam for chemical
processes or heating in ICI boilers. Generating steam from coal combustion is
accomplished by creating a high temperature gas and then transferring energy
from the gas to water or steam, first in a radiant zone and then in a convective
zone [1]. After this heat has been transferred, the flue gas has a temperature of
340-370°C (650—700 °F). The combustion air is preheated in a gas—gas heat
exchanger, called an air preheater (APH). The flue gas that exits the convective
heat exchangers then passes through the APH, and its temperature drops to
135-175°C (275-350 °F) as illustrated in Figure 7.1. The temperature of the flue
gas drops rapidly from the combustion temperatures in the range of 900-1500 °C
(1650-2750 °F) to post-APH temperatures in a few seconds [2]. The peak
combustion temperature depends on the type of combustion system. This rapid
quench of the flue gas has consequences for the chemistry of mercury in the gas,
as discussed below.
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Figure 7.1 Time-temperature history in a coal-fired boiler from radiant section to air pre-
heater.
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7.3
Mercury Chemistry in Combustion Systems

Mercury is present in coal in low concentrations, on the order of 0.1 ugg™!, as
discussed in Chapter 2. In the combustion zone of a coal-fired boiler, all the
mercury in coal is vaporized as elemental mercury, yielding vapor concentra-
tions of mercury in the range of 5-40pgm=>. At furnace exit temperatures,
all of the mercury is expected to remain as the thermodynamically favored
elemental form in the gas. As the gas cools in the convective heat transfer
zone, oxidation reactions can occur, significantly reducing the concentration
of elemental mercury by the time the post-combustion gases reach the stack.
Measurements of the concentration of mercury species taken in the stacks of
pilot and full-scale coal combustion systems show that the range of the values of
the fraction of oxidized mercury is broad: studies have reported anywhere from
almost no Hg?* to 95% Hg?* upstream of the particulate control device (PCD)
[3]. Laboratory experiments [4] have shown that mercury is not oxidized in the
gas phase by O, at temperatures up to 700 °C (1290 °F). Combustion experiments
in laboratory combustion systems have shown an increase in oxidized mercury
post-combustion with increasing chlorine or bromine content [5—8]. Quench
rate has been shown to affect the degree of homogeneous oxidation [6, 7].

Comparison of mercury speciation data from full-scale coal-fired boilers with
those from particle-free laboratory combustion studies [9] shows higher amounts
of oxidized Hg in the former, for similar amounts of chlorine in the fuel. Two con-
clusions arise from such comparisons:

» Oxidation of mercury by chlorine in practical coal combustion systems must be
kinetically limited [10, 11].

» Heterogeneous oxidation of mercury on fly ash particles in coal-fired boilers
is as important, or more important, than homogeneous oxidation of mercury
[12, 13].

Gas-phase oxidation relies on the reaction between elemental mercury and
halogen radicals. The inherent concentrations of these halogens in coal as
well as the specific halogen species formed in the combustion system affect
homogeneous mercury oxidation.

The range of concentrations of chlorine and bromine species in coal combus-
tion flue gas depends on the concentrations in the coal. In U.S. coal-fired power
plants, the concentration of HCl in the flue gas is on the order of 1 -10 ppmv when
low-rank coals (subbituminous and lignite) are burned, but HCI concentrations
can be as high as 150 ppmv when bituminous coals are burned. These estimates
assume coal chlorine concentrations of up to 100 pg g~! in subbituminous and lig-
nite coals and up to 2000 pg g~! in bituminous coals. Bromine concentrations in
coals are significantly less than chlorine concentrations, as discussed in Chapter 2.
The concentrations of bromine (expressed as HBr) in the flue gas of coal-fired
combustion systems is estimated to be <0.5 ppmv in boilers firing subbituminous
or lignite coals and up to 3.5 ppmv in bituminous-fired boilers.
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The differences between the speciation of chlorine and bromine in combustion
flue gas have implications for the oxidation of mercury by halogens. As flue gases
cool in a practical combustion system, most of the chlorine is predicted to be HCI,
with a very minor amount as the free radical Cl, the species thought to be respon-
sible for the homogeneous oxidation of elemental mercury [2]. Recent kinetic
modeling [12] results suggest that bromine speciation is different from chlorine
speciation in coal combustion flue gases. In contrast, the concentrations of HBr
and Br are comparable at flame temperatures and, as the flue gases cool, the con-
centration of Br is on the same order as that of HBr.

Experiments on the gas-phase oxidation of mercury by halogens were con-
ducted in a bench-scale, laminar, methane-fired (300 W), quartz-lined reactor in
which gas composition (HCI, HBr, NO,, SO,) was varied [7]. In the experiments,
the post-combustion gases were quenched from flame temperature to about
350 °C, and then speciated mercury was measured using a wet conditioning sys-
tem and continuous emissions monitor system (CEMS). Bromine was shown to
be much more effective than chlorine in the post flame, homogeneous oxidation
of mercury, on an equivalent molar basis, as illustrated in Figure 7.2.

In these experiments, the addition of NO to the flame (up to 400 ppmv) had
no impact on mercury oxidation by chlorine or bromine. Addition of SO, had
no effect on mercury oxidation by chlorine at SO, concentrations below about
400 ppmv; some increase in mercury oxidation was observed at SO, concentra-
tions of 400 ppmv and higher. The addition of chlorine caused minor increases in
the extent of oxidation by bromine.

Smith et al. [8] obtained similar results in a different methane-fired laboratory
furnace: homogeneous oxidation of mercury was <30% when the concentra-
tion of HCl was as much as 500 ppmv. The researchers observed inhibition
or enhancement of mercury oxidation by chlorine when SO, was added, and
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Figure 7.2 Homogeneous oxidation of mercury by halogens in a laboratory combustor as
a function of initial halogen concentration [7].
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the effect depended on the concentrations of SO, and HCI There was little
effect when the concentration of SO, was 400 ppmv with up to 550 ppmv HCL
However, at an HCI concentration of 200 ppmv and lower concentrations of SO,
(100-200 ppmv), SO, did affect the level of mercury oxidation observed.

A detailed chemical kinetic mechanism for mercury oxidation by chlorine
species in flue gas was applied to pilot-scale coal combustion results by Niksa
and Fujiwara [13], but was unable to predict the extent of mercury oxidation. The
authors concluded, based on gas-phase kinetic modeling, that the quench rate in
the pilot-scale system was not high enough to produce sufficient chlorine radicals
to oxidize elemental mercury. A heterogeneous pathway, utilizing the interaction
of mercury and HCl on carbon surfaces, was suggested to explain the results.

In coal-fired boilers, concentrations of HCI are expected to be <150 ppmv,
which means that the contribution from homogeneous oxidation of mercury by
chlorine in practical combustion systems should be 10% or less. The concen-
tration of bromine native to coal is too low to promote significant gas-phase
oxidation, although the addition of bromine to the coal or the flue gas does yield
increased oxidation, as discussed in Chapter 14.

Gas-phase oxidation of mercury by chlorine has been shown to be inadequate
for explaining the observed mercury oxidation in coal-fired furnaces (see Part
VI for details of gas-phase mercury models). Heterogeneous oxidation (that is,
catalyzed by surfaces) must be responsible for much of the mercury oxidation
observed in coal combustion systems.

Transition metal oxides have been shown to oxidize mercury in coal flue
gas. Studies have shown that vanadium oxide can oxidize mercury in sim-
ulated coal combustion flue gas, and that mercury oxidation increases with
increasing concentration of HCI in the gas [14—16]. Studies on V,0O; have
been carried out at temperatures on the order of 350°C, which is the tem-
perature of selective catalytic reduction (SCR) reactors in power plants.
(This is discussed in more detail in Chapter 15.) At these temperatures,
other oxides also catalyze mercury oxidation in the presence of HCl. Kamata
et al. [17] reported that the activity for mercury oxidation was as follows:
MoO; ~V,0; > Cr,O3 > Mn, O > Fe,O; > CuO > NiO.

Metal oxides have been demonstrated to oxidize mercury in simulated flue gas
at post-APH temperatures (120—180 °C) in many different published works. For
example, in fixed-bed experiments with simulated ash (mixtures of oxides), Gho-
rishi et al. [18] showed that the transition metal oxides, CuO and Fe, O, acted as
catalysts for the oxidation of Hg? in the presence of HCl. Galbreath et al. [19]
flowed coal combustion flue gas from a pilot-scale combustor through a fixed
bed of y-Fe,0, at 150 °C and observed the conversion of Hg to Hg?* and/or
Hg,. Smith et al. [8] injected either a-Fe,O; or montmorillonite clay particles
into combustion flue gas from a methane flame doped with mercury and HCL
Mercury oxidation increased in the flue gas with respect to pure homogeneous
oxidation when iron oxide particles were injected, but not when the clay particles
were injected.
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Efforts to find such a relationship between oxidation and metal oxides have
produced ambiguous results when using actual coal fly ash (containing mixed
inorganic oxides and unburned carbon).

In fixed-bed studies using simulated flue gas and fly ash from two different coal
combustion boilers, Norton et al. [20] concluded that HCI and NO, were of pri-
mary importance to mercury oxidation, with NO and SO, being of secondary
importance. Tests were performed at 120 and 180 °C (248 and 356 °F). The extent
of mercury oxidation generally correlated well with the surface areas of the dif-
ferent ash samples. One iron-rich ash sample did not show significantly more
oxidation than a low-iron ash sample.

Ash samples from a variety of sources and coal types were tested by Dunham
et al. [21] in a fixed-bed reactor using elemental mercury in simulated flue gas
mixtures at 121 and 177 °C (250 and 350 °F). Oxidation of elemental mercury
increased with increasing amounts of magnetite in the fly ash. However, one high-
carbon subbituminous ash with no magnetite showed considerable mercury oxi-
dation that may have been due to the carbon surface area. Galbreath et al. [22]
also noted that the presence of maghemite (y-Fe,O,) in fly ash and HCl in flue
gas promoted oxidation of elemental Hg. These works suggest that an iron oxide
with a spinel-type structure is active in fly ash with respect to mercury oxida-
tion. The importance of surface area suggests that unburned carbon and/or soot
(which have much higher surface areas than inorganic ash particles) dominate the
oxidation of mercury at these temperatures.

Fly ash can adsorb elemental and oxidized mercury, in addition to catalyzing the
oxidation of elemental mercury. Early experimental work by Hall and coworkers
[4] on the adsorption of mercury by activated carbon or fly ash in the presence
of O, suggested that physisorption of mercury dominated at temperatures below
100 °C (212 °F), but that chemisorption dominated between 100 and 300 °C (212
and 572 °F). The rate of mercury adsorption peaked at a temperature of 200 °C
(392 °F) in their experiments, and there was no mercury adsorption observed
above 350 °C (662 °F).

A large body of work (much of it summarized by Hower et al. [23]) suggests
that the unburned carbon in fly ash from coal combustion systems can adsorb
mercury in flue gas. For example, in the fixed-bed study of Dunham et al. [21],
all the fly ash samples that acted as oxidation catalysts for elemental mercury
also adsorbed elemental mercury in simulated flue gas mixtures. The adsorption
capacity of the ash for elemental mercury was similar to that for HgCl,. There was
a correlation between fly ash surface area and adsorption of elemental Hg and
HgCl,, although the correlation was better for HgCl,. The adsorption capacity
had an inverse dependence on temperature, over the range studied (121-177 °C).
Most of the fly ash surface area is due to the presence of unburned carbon and/or
soot, which seems to dominate the adsorption process.

Fly ash, and in particular the unburned carbon in fly ash, has been observed
to both oxidize mercury and adsorb mercury. Most of the theoretical and
experimental work carried out to date on the fundamental mechanisms of
mercury—carbon reactions in combustion systems has focused on activated
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carbon, instead of unburned carbon in fly ash. Part VI of this book discusses
mechanisms and models for the interaction of mercury and carbon surfaces in
detail, and these will be discussed only briefly here.

The review by Hower et al. [23] provides detailed information on the properties
of unburned carbon as related to mercury adsorption in flue gas. Acid gases in
flue gas — for example, HCI, Cl,, H,SO, — promote the oxidation of mercury
in the presence of carbon surfaces at post-APH temperatures. However, some
of these species are not oxidants; therefore, other species in the flue gas must
be responsible for oxidation of mercury on carbon surfaces. As discussed in
Chapter 25, a mechanism has been hypothesized and validated in which acid
gas species such as HCI bind to the carbon surface, forming a site at which
elemental mercury can bind and subsequently be oxidized, principally by NO,.
Furthermore, there is a competition for these active carbon sites between
mercury species and H,SO,, which has profound implications for capture of
mercury by carbon in practical combustion systems. Sulfuric acid can occupy
surface sites either by adsorption of gaseous SO; or H,SO, or by adsorption of
SO, and subsequent oxidation by NO, on the surface. As H,SO, accumulates
on the surface, the bound, oxidized mercury species are displaced and desorbed,
probably as HgCl,. The rate of mercury adsorption decreases as temperature
increases, but the rate of oxidation of elemental mercury increases as temperature
increases [24].

Alkaline species in fly ash, particularly calcium oxide, if present, have
been shown to adsorb oxidized mercury in flue gas. As discussed above,
mercury—halogen compounds are the most likely gas-phase oxidized mercury
species present in combustion flue gas. Chapter 13 provides a detailed discussion
of the interaction between mercury and calcium species in combustion flue gas.

The coal combustion boiler represents a series of chemical reactors, which
change the elemental mercury produced in the flame to gaseous oxidized
mercury and particulate-bound mercury. The transformations of mercury in coal
combustion flue gases are influenced by gas-phase species (halogens, NO,, SO, )
and the PM (unburned carbon, inorganic ash) suspended in the gas as well as the
quench rate and gas temperatures. The most significant of these transformations
take place in the APCDs downstream of the boiler. Therefore, an understanding
of the APCDs used on coal-fired boilers is essential for understanding the
mercury emissions and the potential for control of mercury on a wide variety of
combustion systems.

7.4
Air Pollution Control Devices on Utility and Industrial Boilers

Before discussing the chemistry of mercury in APCDs, a brief overview will be
presented of the major pollution control equipment in use on coal-fired boilers.
These APCDs have been installed to control the major pollutants NO,, SO,, and
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Table 7.1  Air pollution control devices for PM, NO,, and SO,.

Particulate control

C-ESP Cold-side electrostatic precipitator

H-ESP Hot-side electrostatic precipitator

FF Fabric filter (baghouse)

WPS Wet particulate scrubber (venturi scrubber)
Cyclone Sometimes known as mechanical collector
NO,, control

LNB Low-NO, burner

OFA Overfire air

SNCR Selective non-catalytic reduction

SCR Selective catalytic reduction

80, control

DSI Dry sorbent injection

dFGD Dry flue gas desulfurization

wEGD Wet flue gas desulfurization

PM. In this section, the major types of APCDs for coal-fired boilers are introduced.
Table 7.1 contains a glossary of the processes.

7.4.1
PM Control

Combustion processes emit both primary and secondary PM. Primary PM emis-
sions are called fly ash (e.g., non-combustible inorganic matter and unburned
solid carbon). Secondary PM emissions are the result of substances that condense
in the stack, such as sulfuric acid, to produce PM in the atmosphere. PM control
technologies include fabric filters (FFs) or “baghouses,” wet and dry electrostatic
precipitators (ESPs), venturi scrubbers, and mechanical collectors (cyclones).
ESPs are the most widely used PM control device on coal-fired boilers. Most
ESPs are located after the APH (see Figure 7.1) and operate at temperatures of
120-190°C (250-370 °F); these are called cold-side electrostatic precipitators
(C-ESPs). A small fraction of ESPs are located upstream of the APH at
temperatures in the range of 350-400 °C (650—750 °F); these are called hot-side
electrostatic precipitators (H-ESPs). ESPs charge fly ash particles and then collect
the charged particles in an electric field. Particles are collected on electrically
charged plates and periodically removed by mechanical means. The particles
drop from the plate into a hopper. FFs, in contrast, collect particles on a filter or
bag, such that the flue gas must pass through the “cake” of collected particles.
Periodically, the dust cake is removed by agitating the bag so that the cake falls
off into a hopper. FFs operate in the same temperature range as C-ESPs. FFs and
ESPs represent about 97% of the PM control devices on EGU boilers. Other PM
control devices, like wet particulate scrubbers and cyclones, are more commonly
found on ICI boilers.
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74.2
NO, Control

Emission control strategies for NO, fall into two categories: combustion controls
and post-combustion technologies. Combustion control technologies minimize
the formation of NO, in the furnace and include combustion tuning, low-NO,
burners (LNBs), and overfire air (OFA). LNBs (or staged combustion conditions)
may introduce higher carbon monoxide and unburned carbon in fly ash, which
reflect lower plant efficiency. In an OFA system, the primary combustion zone is
operated at less than a stoichiometric air/fuel ratio, and additional air is added in
the upper furnace. Unburned carbon in ash can still increase in boilers using OFA,
depending on the type of fuel and design of the system.

Post-combustion technologies reduce the amount of NO, that has been
formed during combustion. In selective non-catalytic reduction (SNCR), a
nitrogen-containing reagent is injected into the furnace in the temperature range
of 900—1100°C (1600—2000 °F). NO, reduction with SNCR is in the range of
30-50%, depending on the residence time and degree of mixing achieved. Higher
NO, reduction (80-90%) is achieved using SCR. In this process, ammonia is
injected over a vanadia-based catalyst at temperatures in the range of 350-400 °C
(650—750 °F) in order to chemically reduce NO, to nitrogen and water.

743
SO, Control

SO, emission control technologies are post-combustion devices that remove SO,
by reacting it with an alkaline reagent. The two most commonly used SO, controls
are dry flue gas desulfurization (FGD) units and wet FGD units. In the former, an
aqueous slurry (usually lime) is sprayed into a contacting vessel in order to contact
the alkaline reagent with SO,. The reagent dries and is collected in a PCD (usually
a FF). A lower-cost version of a dry process is dry sorbent injection (DSI) in which
there is no dedicated contacting vessel; instead, the dry reagent (sodium carbonate
or sodium sesquicarbonate) is injected into the flue gas duct and then collected
in the PCD. Dry FGDs can achieve 90—95% reductions, although they are used
when the coal sulfur content is less than about 2 wt%. DSI results in more modest
SO, reductions, but the low capital cost of this technology makes it attractive for
some boilers.

Inawet FGD, a solution of water and limestone or lime contacts the flue gas. The
scrubbing solution is sprayed into the gas and collected as a liquid in the bottom
of the scrubber; in some designs, the flue gas is bubbled through a liquid solution.
Wet FGDs turn SO, into either calcium sulfite or calcium sulfate. The end product
is either a sludge or gypsum, depending on the oxidation potential in the solu-
tion. Wet FGDs are the most efficient for removal of SO, and are typically used
when the coal sulfur content is higher than 1-2 wt%; removals of >95% can be
achieved.
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744
Boiler Populations in the United States

There are ~1100 coal-fired EGU boilers in the United States with capacities
>25MW at more than 500 facilities [25]. The generating capacities of EGU
boilers are generally in the range of 150—1300 MW. According to a survey of
industrial and commercial boilers in the United States in 2005 [26], there were
about 2600 coal-fired industrial and commercial boilers. The fuel firing rate of
these coal-fired boilers averaged 37 MJs~! (125 million Btuh™!), which is much
smaller than the firing rate of EGU boilers; for comparison, the firing rate of a
500 MW EGU boiler is about 1700 MJ s 1.

The distribution of APCDs on EGU boilers is summarized in Table 7.2 [27].
The table indicates the number of APCDs in individual categories. Some boil-
ers have only a PCD, while other boilers have scrubbers and SCRs in addition to
PCDs. Those boilers with both an SCR and a scrubber are called out separately in
Figure 7.3, because, as discussed below, this combination of APCDs can remove a
significant fraction of mercury from the flue gas.

Bituminous coals have higher sulfur contents than low-rank coals (i.e., subbitu-
minous and lignite), which results in a different distribution of APCD equipment
on bituminous plants as compared to low-rank plants. Many bituminous-fired
plants are located in the Eastern half of the United States, where NO, emissions
are regulated in order to reduce the formation of ground-level ozone. Thus,
bituminous-fired boilers are more likely to have a combination of SCR for

Table 7.2 Air pollution control devices on EGU boilers in the United States [27] in terms of
number of boilers.

APCD Coal rank

Bituminous Subbituminous Lignite Other?) Total

Particulate control

Cold-side ESPb) 454 257 17 1 729
Fabric ﬁlterc) 120 112 12 31 275
Hot-side ESP 78 23 0 0 101
Other 16 14 1 0 31
Post-combustion NO,,

SNCR 146 22 2 15 185
SCR 208 84 2 1 295
SO, control

Fluidized bed?) 20 4 7 29 60
Dry sorbent injection 29 7 1 0 37
Dry FGD 54 31 3 88
Wet FGD 255 89 16 1 361

a) Includes waste coal and petcoke.

b) Includes combinations of cold-side and hot-side.
¢) Includes combinations of ESP and FF.

d) Includes in-bed capture in fluidized bed.
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Figure 7.3 Distribution of APCDs on EGU boilers in the United States by boiler
capacity [27].

NO, control and wet FGD for SO, control. Subbituminous-fired plants have
a larger share of dry FGDs, because the fuels have <1% sulfur. For all types of
fuel, the largest category of APCDs is a C-ESP alone, with no scrubber and no
post-combustion NO, control. (Most boilers have some form of combustion
control of NO,, whether or not they have post-combustion NO, controls.)

New APCD equipment will be installed by 2015 on EGU boilers in the United
States as a result of the new Mercury and Air Toxics Standards (MATSs) regula-
tion and the Cross-State Air Pollution Rule (CSAPR). US EPA’s analysis of EGU
boilers [25] projects an additional 20 GW of dry FGD, 44 GW of DSI, 102 GW of
additional FFs, 63 GW of scrubber upgrades, and 34 GW of ESP upgrades by 2015.

ICI boilers tend to have less pollution control equipment than EGU boilers. For
example, a survey of ICI boilers firing wood or coal in four states in Northeast-
ern USA [28] showed that about half the boilers had no air pollution controls,
40% of the boilers had only PM control, and 8% of the boilers had a combination
of NO, control and PM control. There were no boilers with SO, controls in this
population.

7.5
Mercury Behavior in Coal-Fired Boilers

7.5.1
Data Sources

Understanding the behavior of mercury in full-scale coal-fired boilers requires
a large body of data from the field. Laboratory and pilot-scale data can provide
useful information but the complexity of coal combustion boilers necessitates full-
scale data. Over the past 15 years, a large body of data has been generated in the
United States and it is largely from these data that the mechanisms and pathways
presented here have been drawn.
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Table 7.3 Types of coal-fired boilers sampled in 1999 ICR by coal type and APCD, com-
pared with total boiler population [29].

APCD equipment Coal type % units tested % existing units
Cold-side ESP Bituminous 7.2 48.3
Cold-side ESP Low rank 7.1 11.7
Hot-side ESP Bituminous 7.2 6.6
Hot-side ESP Low rank 3.6 2.4
Cold-side ESP + wet FGD Bituminous 6 8.8
Cold-side ESP + wet FGD Low rank 9.2 2.5
Hot-side ESP + wet FGD Bituminous 4.8 0.7
Hot-side ESP + wet FGD Low rank 3.6 1
FF Bituminous 3.6 2.9
FF Low rank 7.2 2.7
FF + wet FGD Bituminous 7.2 1.6
FF + wet FGD Low rank 3.6 1.6
Dry FGD +FF Bituminous 3.6 2.9
Dry FGD +FF Low rank 7.2 1.3
Dry FGD +ESP Bituminous 2.4 0.2
Dry FGD + ESP Low rank 3.6 0.3
FF+FBC Bituminous 3.6 2.9
Other Other 9.3 1.6

US EPA has carried out two Information Collection Requests (ICRs) as part of
rulemaking for the electric utility industry. These ICRs have provided much data
on the speciation and removal of mercury in various APCD configurations.

The first ICR was carried out in 1999. Part 3 of the ICR consisted of measure-
ments of mercury speciation from 83 coal-fired power plants. Plants were selected
based on the configurations of air pollution control equipment and fuel type. For
each plant, the mercury content of the coal was measured (along with other coal
composition data). Mercury measurements were made at the stack and at the inlet
to the last APCD using the Ontario Hydro method (see Part II for a description
of the method); the result was a set of gaseous elemental, gaseous oxidized, and
particulate-bound mercury at the inlet and outlet of APCDs. Table 7.3 summa-
rizes the configurations for the ICR data sets, comparing the distribution of units
tested with the distribution of the boiler population in the United States. As the
table shows, a wide range of APCD configurations were tested, which proved valu-
able for understanding mercury behavior.

The 1999 ICR was used to support the creation of the Clean Air Mercury Rule
(CAMR), which was proposed in 2005. The CAMR was ultimately vacated by
the courts. EPA decided to issue another ICR in order to support development
of a new rule for EGU boilers, because there had been considerable changes in
the APCD configurations since the original ICR. At the end of 2009, EPA issued
another ICR to the electric utility industry, requesting information on emissions
of mercury and other hazardous air pollutants (HAPs) from EGUs firing coal or
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oil. In 2010, a subset of coal-fired EGUs was required to conduct measurements of
mercury and non-mercury HAP metals (antimony, arsenic, beryllium, cadmium,
chromium, cobalt, lead, manganese, nickel, and selenium) in the boiler stack. Mer-
cury was measured using CEMS or sorbent traps (see Part II for descriptions of
methods) at the stack, as well as measured in a coal sample taken concurrently
with each stack test. This ICR data set represents a range of fuel types and APCD
types, as shown in Table 7.4.

There were many changes in APCD configurations in the industry in the 11 years
between the two ICRs. The 1999 ICR dataset contained very few boilers that had
post-combustion NO, control (SCR and SNCR) and no boilers that had activated
carbon injection (ACI) for mercury control or DSI for acid gas control. Further-
more, the 2010 ICR dataset contains more data from fluidized bed combustors
(FBCs) as compared to the 1999 dataset.

Part IV of this book discusses the substantial research and development efforts
undertaken by US DOE, EPA, and EPRI in the mercury control area. Sampling
campaigns and technology demonstrations at coal-fired power plants sponsored
by these organizations have also provided much valuable information on mercury
behavior in coal-fired power plants.

752
Mercury Behavior in APCDs

In this section, the reader will follow the path of mercury through a coal-fired
boiler, using full-scale data from DOE- and EPRI-sponsored mercury measure-
ment campaigns at coal-fired utility boilers [30], unless otherwise noted.

As discussed above, mercury is released from the coal in the flame as gaseous
Hg® and halogens present in the gas are the primary pathway for gas-phase oxi-
dation. In an evaluation of homogeneous models and data for mercury oxidation
by chlorine in combustion systems, Krishnakumar and Helble [11] concluded that
oxidation of Hg® occurs at temperatures below 625 °C (1160 °F) and the chlorine
radical is the most important reactive species for mercury oxidation in the gas
phase. Halogens are also involved in the heterogeneous oxidation of mercury, cat-
alyzed either by SCR catalysts or by fly ash.

Oxidation of mercury by SCR catalysts is discussed in detail in Chapter 15. The
primary variables that affect the oxidation of mercury across SCR catalysts are
halogen content of flue gas, temperature, space velocity (residence time), and cata-
lyst design. Without the injection of additional halogens (Chapter 14), the halogen
content of the flue gas is primarily related to the chlorine content of the coal. As
Figure 7.4 shows, mercury oxidation across SCR reactors is strongly correlated
with the chlorine content of the coal.

All coal-fired utility boilers and most coal-fired industrial boilers have a gas—gas
heater exchanger to preheat the combustion air by contacting it with the flue gas.
This APH decreases the flue gas temperature from typically 350 to 150 °C, while
heating the combustion air to ~300 °C. There are two types of APHs: regenerative
and tubular. The majority of APHs are drum-type regenerative heat exchangers,
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Table 7.4 Number of coal-fired boilers sampled in 2010 ICR by coal type and APCD.

Bituminous Subbituminous Lignite Waste coal

Units with cold-side ESPs

C-ESP only 42
SNCR, C-ESP 5
SCR, C-ESP —
C-ESP, wet FGD 14
SNCR, C-ESP, wet FGD 8
SCR, C-ESP, wet FGD 25
Dry FGD, C-ESP —
DSI, C-ESP —
SNCR, DSI, C-ESP —
Units with fabric filters

FF only

SNCR, FF

FF, wet FGD

SNCR, FF, wet FGD

SCR, FF, wet FGD

Dry EGD, FF

SNCR, dry FGD, FF

SCR, dry FGD, FF

SNCR, DSI, FF

Units with hot-side ESPs
H-ESP only

SNCR, H-ESP

SCR, H-ESP

H-ESP, wet FGD

SNCR, H-ESP, wet FGD
H-ESP, SCR, wet FGD

Units with venturi scrubbers
Venturi, wet FGD 1 — —
Units with activated carbon injection (ACI)

ACI, C-ESP 1 15 — —
SNCR, ACI, C-ESP, wet FGD 1
ACI, FF 3
ACI, FF, wet FGD —
SCR, ACI, FF, wet FGD 1
ACI, dry FGD, FF —
SCR, ACI, dry FGD, FF 1
ACI, venturi, wet FGD —
Fluidized bed combustors (FBCs)

FBC, FF 1 — — 2
FBC, SNCR, FF 5 — —
FBC, DS, FF — —
FBC, SNCR, dry FGD, C-ESP 1 — — —
FBC, SNCR, dry FGD, FF 5 — — 3
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Figure 7.4 Oxidation of mercury across full-scale SCRs as a function of coal chlorine
content.

in which a large wheel containing metal surfaces rotates through the flue gas path,
alternating contact with the hot flue gas and the cold combustion air. Tubular
APHs are shell-and-tube heat exchangers in which the flue gas passes through
tubes and the combustion air flows outside the tubes. In either case, there is a lot of
cold metal surface area, which can become coated with ash particles. The large sur-
face area in APHs can promote oxidation of elemental mercury. Figure 7.5 shows
full-scale data on the oxidation of elemental mercury across APHs as a function
of coal chlorine content. Chlorine is not the only important parameter for mer-
cury oxidation across APHs; the unburned carbon in the fly ash (which can act
as a catalyst), the temperature, and the quench rate (determined by the design of
the APH) are also important for mercury oxidation. The variation in unburned
carbon in fly ash can be large, because the amount of unburned carbon depends
on the coal rank and on the combustion system [23]. Unless the chlorine content
of the coal is very low, a significant amount of mercury oxidation can be expected
across an APH.

In almost all coal-fired boilers, a PCD follows the APH. The exceptions to this
are a boiler with a H-ESP in which the ESP is located upstream of the APH or a
boiler with a spray dryer (dry FGD) for SO, control in which the spray dryer is
located between the APH and the PCD. Only about 9% of coal-fired utility boilers
employ a H-ESP as the only PCD and about 8% of coal-fired utility boilers have
a dry FGD (Table 7.2). C-ESPs are the most common PCD on coal-fired utility
boilers. These devices remove mercury that has been converted to a particulate
form upstream of the ESP by reaction with unburned carbon in fly ash. There
is little contact between the flue gas and the ash collected in the ESP; therefore,
mercury does not oxidize or adsorb on fly ash within the ESP.
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Figure 7.5 Oxidation of mercury across air preheaters on full-scale, coal-fired boilers as a
function of coal chlorine content.
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Figure 7.6 Removal of Hg across cold-side ESP as a function of coal chlorine content.

The chlorine content of the coal has an influence on how much of the mercury
is converted to a particulate form via reaction with the fly ash upstream of the
ESP. However, as Figure 7.6 illustrates, chlorine is not the only factor that deter-
mines how much mercury is removed across C-ESPs. There are other factors that
influence how much mercury adsorbs on the fly ash [18 —24] as was noted previ-
ously in the discussion of fixed-bed experiments on mercury interactions with fly
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Figure 7.7 Mercury removal across cold-side ESPs as a function of LOI, for bituminous
pulverized-fired boilers [31].

ash. The amount of unburned carbon in the fly ash is also important. Figure 7.7
shows mercury removal at full-scale bituminous coal-fired boilers as a function
of loss-on-ignition (LOI), that is, unburned carbon, in the fly ash [31]. For pulver-
ized coal-fired boilers with C-ESPs, there is a good correlation between LOI and
mercury removal.

In FFs, there is more contact between the flue gas and the fly ash, because
the fly ash builds up on the filter over a period of several hours before being
removed. Thus, in addition to removing particulate-bound mercury, which is
formed upstream of the PCD, FFs also remove oxidized elemental mercury and
gaseous mercury. The fixed-bed experiments using fly ash and simulated flue gas
discussed previously [18 —21] are similar to a FF in that the gas must pass through
a layer of ash. The temperature, composition of the flue gas, unburned carbon in
the fly ash, and baghouse cleaning frequency all affect the removal of mercury
across FFs.

Figure 7.8 illustrates the removal of both gaseous mercury and total (gas plus
particulate-bound) mercury across the FF on a 170 MW tangential boiler burn-
ing a low-sulfur bituminous coal [32]. The unburned carbon in ash was varied
by changing combustion conditions and the FF temperature was 130 °C (265 °F).
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Figure 7.8 Mercury removal across fabric filter as a function of unburned carbon in fly
ash [32].
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The FF removed both gaseous and particulate mercury, and the mercury removal
increased with increasing unburned carbon in ash. In certain situations (temper-
ature, gas composition), unburned carbon in fly ash can be effective at capturing
mercury. However, reliance on unburned carbon alone as a mercury control strat-
egy is not without risk of non-compliance, because changes in combustion con-
ditions affect the amount of unburned carbon, and such changes are not always
predictable or controllable. Furthermore, increasing the amount of unburned car-
bon in ash means decreasing the efficiency of the combustion process, which is not
desirable.

Thus, both C-ESPs and FFs can remove mercury from the flue gas. H-ESPs
operate at too high a temperature to remove significant amounts of mercury.
Particulate-bound mercury that has formed upstream of the PCD is removed by
a C-ESP; in contrast, FFs remove both particulate-bound mercury and gaseous
mercury. The degree to which mercury is removed in PCDs depends on the
amount of unburned carbon in the fly ash, the halogens present in the flue gas,
and the temperature of the PCD. The design and operation of a FF can also have
an effect on its ability to remove mercury.

Both wet and dry FGD scrubbers remove mercury, if it is in the oxidized form.
Mercuric halides (such as HgCl,) are soluble in water but elemental mercury is
not. Thus, the removal of mercury across FGD scrubbers depends on how much
oxidized mercury enters the scrubber, as illustrated in Figure 7.9. The removal of
mercury across wet FGD scrubbers is complicated by the aqueous reactions that
take place in the scrubbing solution [33], as discussed in Chapter 16. The complex
aqueous chemistry can result in some of the absorbed Hg?* being reduced back to

100%

0% || @ Dry FGD, FF ‘/g/o—‘{g@

0O Wet FGD

80% -

70%

60%

50%

40%
30%

Removal of Hg across FGD

20%

10%

0%

0% 20% 40% 60% 80% 100%
Fraction Hg?* at inlet

Figure 7.9 Mercury removal across dry and wet FGD scrubbers on bituminous-fired boilers
as a function of the fraction of oxidized mercury at the inlet.



7.6 Summary | 129

Hg". This re-emission of Hg® can reduce the efficiency of mercury capture across
wet FGD scrubbers.

7.6
Summary

The transformations of mercury in coal-fired boilers and APCDs are summarized
in Figure 7.10. Although Hg leaves the combustion zone as gaseous elemental
mercury, varying amounts can be transformed to gaseous oxidized mercury and
particulate-bound mercury as the flue gas passes through the economizer and air
heater. The efficiency of Hg capture by APCDs depends on the gas-phase spe-
ciation as well as on the partitioning between gaseous and particulate forms. In
turn, the coal composition (Cl and S content, ash composition) and boiler oper-
ation (unburned carbon content, gas cooling rate, and residence time) affect the
Hg speciation and partitioning in the flue gas. Existing APCDs provide a range of
“native” Hg removals; FFs and scrubbers have the highest Hg removals, as much as
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Figure 7.10 Summary of mercury behavior in coal-fired boilers.
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90%, for units burning bituminous coal. Moderate to low levels of natural capture
are typically found in units that burn either subbituminous coals or lignites.
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8
Gasification Systems

Nicholas Lentz

8.1
Principles of Coal Gasification

Coal gasification processes employ fixed-bed, fluidized-bed, or entrained-flow
reactor systems to react coal with air or oxygen and steam over a range of
temperatures from 650 °C (1202 °F) for fixed- and fluidized-bed gasification to
about 1500 °C (2732 °F) for entrained flow gasifiers. The ash byproducts are dry,
agglomerated, or slagging ash, depending on the gasifier type, operating pressure,
and operating temperature. Process pressures range from near atmospheric to up
to 82bar (1200 psig). Gasification reactions can be classified into the following
groups: pyrolysis, combustion, steam gasification, and secondary reactions
among gaseous products and with carbon. Each reaction group produces a
significantly different gas composition. The common coal gasification reactions
and enthalpy energies are presented below:

Pyrolysis and tar cracking
Coal — char + tar, light oil, H,O, H,, CO, CO,, and hydrocarbon gases
Tar, light oil — CH, and other HC gases + CO + H, + CO,

Combustion AH (Btu lbmol™")
C+0,—-CO, —169 300
C+(1/2)0, - CO —47 600
CO+(1/2)0, — CO, —121700
Steam gasification

C+H,0—CO+H, +56 490
Secondary reactions

C+C0,—2CO +74.200
H, +(1/2)0, - H,0, —104000
C+2H,0, — CO, +2H, +38780
Water—gas shift reaction

CO+H,0, —CO, +H, ~17700

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Methanation reactions

C+2H, —CH, ~32200
CO +3H, - CH, + H,0 ~88700
CO +H, — (1/2)CH, +(1/2)CO, ~53200

(—) indicates exothermic and (+) indicates endothermic.

The primary products of gasification are CO, H,, and CH,, along with some
carbon dioxide and nitrogen when air is used as the oxidant. If water—gas shift
catalysts are being used, the shift catalysts will convert the majority of the CO
into CO, so that the main syngas products are H, and CO,. This is desirable
when carbon capture is required. Other byproducts produced during gasification
can include tars, oil, phenols, chars, hydrogen sulfide, carbonyl sulfide, ammo-
nia, and hydrogen cyanide. The primary reactions involving pyrolysis and steam
gasification are endothermic and heat must be provided either externally or by
the combustion of carbon. Smaller bench and pilot-scale systems typically require
external heat sources to maintain consistent gasification conditions due to their
small size and increased thermal effects related to scaling of the equipment. Heat
from combustion can also be supplied indirectly by recycling bed material to pro-
vide either sensible heat or chemical energy (e.g., the CO, acceptor process). The
water —gas shift and methanation reactions are exothermic and contribute to the
energy balance at lower temperatures and high pressures where CH, is a principal
product. The particular gas composition obtained from various types of gasifiers
depends on the effects of temperature, pressure, flow patterns (e.g., cocurrent vs
countercurrent), fluid dynamic intensity, solid and gas residence times, and catal-
ysis on chemical kinetics and equilibrium.

8.2
Gasification Technologies Overview and Gasifier Descriptions

Different gasifiers are utilized for different applications and fuel sources. A
comprehensive review of the different gasifier types is provided by Sondreal and
Benson [1]. Table 8.1 summarizes the different gasifier types and characteristics.
Gasifiers are typically categorized into three main classes: entrained-flow, fixed-
bed, or fluidized-bed systems followed by describing the system as either a slurry
or dry coal feed. Another classification can be if the system has a dry ash, or a
slab byproduct discharge. Designs and classifications are typically based on the
type of coal to be gasified and the desired syngas exit conditions for subsequent
downstream processes and desired syngas conditions.

Figure 8.1 shows the diagrams and temperature profiles for the fixed bed (mov-
ing bed), fluidized bed, and entrained flow gasifiers. Each gasifier has a very unique
temperature profile which affects the fuel types and ranks that provide optimal
performance as well as the syngas composition. Entrained flow gasifiers exhibit the
highest temperature profile and also have the hottest syngas exiting the gasifier.



8.4  Mercury Transformations and Fate

Table 8.1 Gasifier types and characteristics [2].

Gasifier type Fixed bed Fluidized bed Entrained flow
Coal feed size 6—50 mm 6—10 mm <100 pm
Acceptability of fines Limited Good Unlimited
Oxidant demand Low Moderate High
Outlet temperature Low (425-600°C) Moderate High
(900-1050°C) (1250-1600°C)
Ash conditions Dry ash or slagging Dry ash or Slagging
agglomerating
Other characteristics Methane, tars, and Low carbon Pure syngas and a
oils are present in conversion high carbon
the syngas conversion
8.3

Gasification Applications and Downstream Gas Cleanup and Processing

Syngas produced as a result of coal gasification can be a very flexible feedstock for
a wide range of applications and manufacturing processes. Electrical power out-
put is oftentimes not the primary function of a gasification plant. In addition to
chemical production, syngas can also be directly used to produce power and/or
steam for municipal purposes. Syngas is commonly comprised mainly of H, and
CO and the ratio between H, and CO can be adjusted via water gas shift cata-
lyst reactions in order to provide a specific syngas composition to a downstream
process such as a Fischer Tropsch reactor. Gasification plants often are equipped
with multiple product production streams and can sometimes modify the syngas
composition to shift product stream yields in order to maximize profit as com-
modity prices and/or outlooks change. A list of potential products from syngas
includes

* Gaseous fuels

+ Synthetic natural gas

¢+ Liquid fuels

¢ Chemicals

« Fertilizers

+ CO, for use in enhanced oil recovery (EOR) applications
¢ Hydrogen as a fuel and/or for power generation.

8.4
Mercury Transformations and Fate

Mercury has been measured for over 20 years from stationary sources to assess
emissions, develop control technologies, and set appropriate mercury regulations.
Mercury is present in three different forms, particulate bound, oxidized, and
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Figure 8.1 (a—c) The three major types of gasifiers [3].



8.5 Hg Measurement in a Reducing Environment

elemental (Hg[p], Hg?*, and Hg®), which greatly complicates the measurement
process. The low mercury concentrations (low-parts per billion by volume range)
also make measuring mercury difficult.

Five measurement methods are used to measure mercury from combustion
sources: continuous mercury monitors (CMMs), the Ontario Hydro (OH)
method, EPA M30B, EPA M29, and EPA M101A (EPA, U.S. Environmental
Protection Agency) (see Chapters 5 and 6). Of these methods, the OH method
is the only method validated to obtain speciated mercury measurements.
Each method is able to provide accurate and reliable data, provided that
the mercury concentrations are within the range of the method. All of the
methods require samplers who are extremely familiar with the methods and
their corresponding biases and/or interferences. Most mercury measurement
methods were developed for combustion applications and later tested on gasi-
fication systems. Further discussion will show their applicability in gasification
systems.

Under gasification conditions, mercury typically only exists in the elemental
form due to the reducing conditions in the gasifier. Research conducted at the
Energy and Environmental Research Center (EERC) confirmed the presence
of elemental Hg during simulated gasification conditions and speculated that
CH,Hg may also be possible [4, 5]. In combustion systems, mercury can exist
in both the elemental and oxidized forms with a wide range depending on the
fuel type, boiler type, and place in the pollution control system. Elemental Hg is
usually found in the higher temperature regions of combustion systems and is
also likely why elemental Hg is the predominant form in gasification systems. The
high gasification temperatures and reducing environment make it challenging
for any oxidized forms to remain stable and favor the formation of Hg’. Erickson
et al. [6] investigated the volatility of elements under gasification conditions.
They found that the majority of elements behaved similar to combustion systems
but arsenic, lead, and cadmium were found to volatilize in the finer sized particle
fractions.

8.5
Hg Measurement in a Reducing Environment

In previous chapters, Laudal and Senior have provided extensive reviews of mer-
cury measurement technologies. Mercury measurements in a reducing (gasifi-
cation) environment present a significant challenge, especially for any method
that utilizes liquid impingers or scrubbing systems such as a CMM wet conver-
sion system. Syngas constituents such as H,, H,S, CO, and CO, often react with
the chemical solutions and render them ineffective at either capturing the Hg or
performing their specific function [7]. The result is that there can be very fast mer-
cury breakthroughs that invalidate the test. Traditional 2h EPA impinger tests
exhibit breakthrough and render the tests invalid. Shorter sampling times often
to not capture enough mercury for a good data point with the tests that utilize
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impingers. Measurement methods such as M29, OH, and CMMs with wet con-
version systems all have exhibited challenges in obtaining consistent mercury data
in reducing environments [8].

The most favorable mercury measurement methods are the methods that do not
utilize liquid solutions and impinger trains. Dry conversion CMM systems and
sorbent traps are the most widely used systems that do not use liquids as a part
of their sampling process and are the most widely used methods on gasification
systems. Sorbent traps are not able to provide continuous data, but suffer the least
interferences in a gasification environment and have provided the most accurate
values [9].

8.6
Hg Control Technologies for Gasification

Mercury control technologies for gasification are commonly a part of the
cold, warm, or hot gas cleanup system that is designed to remove an array of
pollutants including Hg, H,S, halogens, and other trace metals such as As and
Se. Currently, hot gas cleanup technologies are not mature and most of the
focus through Department of Energy (DOE) and National Energy Technology
Laboratory (NETL) has subsequently concentrated on warm gas cleanup sys-
tems. Warm gas cleanup systems are also favorable because they operate at
temperatures that are suitable for phase shift catalysts, such as Fischer Trop-
sch catalysts, which allow the syngas stream to be converted into numerous
useful byproducts. A hot gas filter vessel is commonly utilized for gasifica-
tion particulate removal upstream of the gas cleanup system. The filter vessel
is able to remove most of the particulates as well as the particulate bound
Hg. The mercury control technologies are typically fixed beds and can be
grouped into two main categories: carbon-based sorbents and metal-based
sorbents. Chapter 22 discusses these in more detail; a brief description is
provided here.

Carbon-based sorbents are commonly utilized in cold or warm gas cleanup
systems and have a very high capacity with respect to mercury. Carbon-based
sorbents have been extensively used at municipal waste-to-energy facilities for
many years and have demonstrated the ability to cost effectively remove high
levels of mercury. The carbons are typically either iodine or sulfur impregnated
in order to facilitate Hg capture. Select tests under integrated gasification
combined cycle (IGCC) conditions have utilized sulfur impregnated sorbents
to successfully remove mercury and other contaminants [10]. A Parsons-GTI
group conducted a study that demonstrated a carbon bed mercury capac-
ity as high as 20wt%, which correlates to a bed lifetime of ~2years [11].
Often, pressure drop across the bed, water buildup, and other operating fac-
tors determine when a bed is replaced, rather than the Hg capacity of the
sorbent bed [12].



8.7 Hg and the MATS Rule for Gasifiers

Metal-based sorbents are another mercury control technology that has been
tested. Metal-based sorbents are designed to target warm gas and hot gas cleanup
systems. Most of the developed sorbents are precious metal based, with Pd, Pt,
Au, Ir, and Rh being the most widely used metals. Of these, Pd has been identified
as the best absorber of mercury [13, 14]. Even though metal-based sorbents have
shown some promise, the technology is currently not a cost effective option for
mercury capture, largely due to the cost of the precious metals required for the
sorbents. Further research is required to identify cheaper surrogate metals that
will also maintain sufficient activity and capture rates in warm and hot gas cleanup
systems.

8.7
Hg and the MATS Rule for Gasifiers

The Mercury and Air Toxics Standards commonly called the MATS rule was
recently finalized with the latest version published in the Federal Register on 16
February 2012. The MATS rule regulates filterable particulate matter (PM) (as
a trace metal surrogate), mercury, and HCI (as an acid gas surrogate) emissions
from coal-fired electricity generating units (EGUs), including IGCC units. The
gasifier emission limits (PM, HCIl, and Hg) for new and existing sources are
presented in Table 8.2.

The data for existing units is based on a limited dataset because there are very
few operating IGCC gasifiers in the United States. The only two IGCC plants in
operation are the Polk Power Station operated by TECO Energy, and the Wabash
River Generating Station operated by Duke Energy. These gasifiers have shown
high native mercury captures of around 60%, with most of the mercury emit-
ted in the elemental form [15]. The emission limits for the new IGCC units were
based on permit data for some of the units that are either in the planning phase
or the construction phase. An example is the Kemper County IGCC plant that is
currently in the construction phase.

Table 8.2 Emission limits for coal-fired IGCC EGUs.

Subcategory Filterable PM HCI Mercury

Existing IGCC 4.0E-21b MMBtu™! 5.0E—41b MMBtu~! 2.5E01b TBtu!
(4.0E-11b MWh™1) (5.0E-31b MWh™1) (3.0E-21bGWh™1)

New IGCC 7.0E—21b MWh~13) 2.0E—31b MWh~1¢) 3.0E-31b GWh1d)
9.0E—21b MWh~1P)

a) Duct burners on syngas; based on permit levels in comments received.

b) Duct burners on natural gas; based on permit levels in comments received.
c) Based on best-performing source.

d) Based on permit levels in comments received.
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Mercury Emissions Control for the Cement Manufacturing
Industry

Robert Schreiber Jr, Shameem Hasan, Carrie Yonley, and Charles D. Kellett

9.1
Introduction

The manufacturing of portland cement is performed in a large industrial pro-
cess that is raw material and fuel intensive. The industry is considered as one of
the anthropogenic contributors of mercury to the environment. During the pyro-
processing step that occurs in the cement kiln system, the mercury compounds
are vaporized from the fuels and raw materials due to the very high tempera-
tures achieved inside the kiln. There are different types of pyroprocessing systems
used in the cement industry, and the specifics of each system have been shown
to have an effect on reactions and emissions/emissions control of mercury. How-
ever, the state of knowledge on the fate of mercury, speciation of emissions from
the kiln system, and potential for control is still in the early stages of development
and testing, although knowledge is being amassed more rapidly over recent years.
This chapter describes the specifics of the cement manufacturing process and the
corresponding effects of the process chemistry and temperatures within the kiln
system on mercury speciation. The discussion includes the current state of the
study of mercury in the industry and knowledge on mercury control.

9.2
Cement Manufacturing Process Description

Portland cement (hereinafter, cement) is the gray powder that is the active chem-
ical binder used to produce concrete by mixing it with sand, gravel, and water.
Cement manufacturing is performed in a large-scale industrial production pro-
cess using large volumes of raw materials and fuels. The basic steps of cement
production are generally as follows:

+ Raw material procurement
» Raw material feed preparation

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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» Pyroprocessing of raw material in the kiln system (formation of cement
“clinker”)

¢ Clinker cooling

¢ Clinker grinding and cement packaging.

The basic raw materials used to manufacture cement include sources of calcium
carbonate, silica, alumina, and iron, with trace amounts of other compounds such
as alkalis (sodium, potassium), sulfur, chlorine, and metals naturally occurring in
the raw materials. Typical raw feed to a kiln contains about 80—-85% calcium car-
bonate, 10—-15% silica, and small amounts of alumina and iron. Maintaining the
quality of raw feed is an important step in manufacturing quality cement. Tra-
ditional mineralogical sources of the cement ingredients include the calcareous
component such as limestone, marl, or chalk; the argillaceous components such
as clay, shale, slate, or sand which provide the silica and alumina; and iron com-
ponents, in some cases provided by mill scale or a similar material. Cement plants
are generally located in areas that have an abundant supply of readily available
raw materials. With about 80—85% of the raw materials being limestone, plants
are usually located at or near abundant limestone quarries for economics related
to raw material transportation costs.

Raw material feed preparation involves sizing through crushers and mixing and
grinding raw materials in a raw mill(s) to obtain correct size and chemical com-
position for kiln feed, also termed as raw mix or raw meal (Figure 9.1). The pro-
cess used to prepare raw meal is dependent on the type of pyroprocessing system
being used.

The main types of systems used in the cement industry include the wet
process and the dry process. The dry process is further subdivided into the
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9.2 Cement Manufacturing Process Description

long dry process, the preheater process, and the most recent technology — a
preheater/precalciner system. Each type of system is further described below.

For use in the wet process, the raw materials are mixed and ground with water
(~30-35wt%) to produce slurry, which simplifies the blending of the kiln feed
to produce a uniform chemical composition. The dry process involves mixing a
calculated proportion of raw materials, drying, and grinding the mixture to a pow-
dered form, blending the materials together in silos, and feeding the raw meal to
the kiln in a dry state. For the preheater and preheater/precalciner processes, heat
to dry the raw material may be recovered from the kiln system and utilized in an
in-line raw mill system. For a continuous operation, the raw mill must grind more
raw materials than can be used in the kiln system in a given time frame; otherwise,
sufficient kiln feed would not be available on a consistent basis as the raw mills
require more down time for maintenance and repair than the kiln. Normally, raw
mill systems are designed to grind enough material such that they can be taken
off-line once a week for repair and maintenance. Under most circumstances, raw
mills are designed to operate about 85-90% of the kiln operational time. For the
in-line raw mill design, this phenomenon is known as raw mill on and raw mill off
operating conditions.

The kiln system is where the key process step occurs, where a specific combina-
tion of minerals is heated to a temperature of about 1500° C in a large, cylindrical,
rotating, refractory-lined kiln, and associated equipment, depending on the type
of kiln system. The raw materials are fed counter-current to the gases from burn-
ing fuel in the combustion zone of the kiln and undergo the chemical and physical
reactions required to produce quality cement. Inside the kiln, the minerals are
partially fused at high temperatures, resulting in the formation of clinker nodules,
which is the intermediate product of cement. Cement kiln dust (CKD) is generated
during raw materials processing inside the kiln system. CKD includes thermally
changed and unchanged raw feed that becomes entrained in the counter-current
gas flow through the kiln system. Gases that exit the cement kiln system are vented
to an air pollution control device (APCD) where the CKD is removed, followed by
the exhaust stack. Traditionally, an electrostatic precipitator (ESP) or baghouse is
used as the APCD in the cement industry. New APCD technologies are begin-
ning to be studied and tested as regulations are becoming increasingly stringent
for additional pollutants.

Large amounts of fuel are necessary to drive the pyroprocessing that occurs
in the kiln system. Typical fuels used in cement kilns are coal, petroleum coke,
natural gas, oil, and/or alternative materials used for energy recovery, such as used
tires, plastics, and oil. The most significant quantity of traditional fuel continues
to be solid fuel, including coal and coke. In a typical kiln, ~2—6 million British
thermal units of heat value are required to produce a ton of clinker [1]. Fuels
fired in the hot end generally need to have a relatively high heat value as fired to
maintain the high flame temperature required at the front of the kiln. Fuel fired at
the hot end of the kiln also must be finely atomized to promote rapid combustion,
which is important to clinker quality. The most important factor for fuel is the
consistency. If each load has a different consistency, maintaining stable kiln
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operations, maximum kiln production, and product quality is challenging. Also,
an accurate control of energy input is required for the critical clinkering step.
Insufficient energy input in the kiln will not allow necessary chemical reactions
to occur during the clinkering process, which may result in unreacted lime in
the clinker, thereby producing poor quality cement. Too much energy input will
shorten the life of the kiln refractory lining, which may damage the kiln shell. It
can also cause molten clinker to drop into the clinker cooler, causing significant
damage and shutting down the system.

The clinker exits the hot end of the kiln, and is cooled from ~1500 to 90° C
in the clinker cooler where ambient air is forced through a slowly moving bed
of clinker for rapid cooling to stabilize its molecular structure. Typically, the air
used to cool the clinker is recovered and used as preheated combustion air in the
kiln. The cooled clinker is conveyed to a finishing mill (e.g., ball mill) for grinding.
In the finishing mill system, the clinker is interground with a small amount of
gypsum (CaSO,-2H,0), an agent that controls the setting time of the concrete,
and grinding aid, a material used to make the grinding process more efficient (too
varied to describe within the context of this chapter) into the powder known as
portland cement. At this point, the product is ready for commercial distribution.

Typical portland cement clinker comprises 67% CaO, 22% SiO,, 5% Al,Os,
3% Fe, O, and other minor components such as MgO, K,O, TiO,, and Mn,Os.
Four major phases, including 3CaO-SiO, (50-70%), 2CaO-SiO, (15-30%),
3Ca0-AlL,O; (5-10%), 4CaO, Al,O5-Fe,O; (5-15%), also termed alite, belite,
aluminate, and ferrite, respectively, are present in clinker [2]. The phases in
portland cement clinker are important as they function as a strength develop-
ment agent in cement when mixed with water. The American Society for Testing
and Materials (ASTM) specifies different types of portland cement based on
the mineralogical properties of the clinker [3]. Among them, normal portland
cement (Type I), modified portland cement (Type II), high-early-strength port-
land cement (Type III), low-heat portland cement (Type IV), and sulfate-resisting
portland cement (Type V) are most common.

9.2.1
Wet Process Kiln

In the wet process, the blended raw feed is introduced to the “cold end” of the
rotary kiln and tumbles down the length of the kiln toward the flame in the lower
“hot end” of the kiln. In general, a rotary kiln is 400—700 ft in length, and has a
3-4% slope with the horizontal and rotates at 1-2revmin~! during operation.
Figure 9.2 shows the temperature profile of a typical wet kiln [4]. There are essen-
tially four stages to the pyroprocessing — evaporation and preheating, calcining,
clinkering (sintering), and cooling. Fuel normally is fired at the hot end of the
kiln, although some kilns are equipped with a secondary mid-kiln firing loca-
tion. Evaporation and preheating remove moisture from the raw feed and raise
the feed temperature to about 870° C. At 760° C, calcination of the material takes
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Figure 9.2 Typical temperature profile of wet kiln system in cement industry [4].
(Reproduced from Ref [4] © (1986) with permission from Chemical Publishing Co. Inc.)

place, breaking the calcium carbonate down into calcium oxide and carbon diox-
ide. At 1500° C, ~20-30% of the load melts and the formation of calcium silicate
occurs. At this stage, the material forms the clinker nodules due to gravitational
flow and the rotating effect of the kiln. The clinkering process occurs in the hottest
zone of the kiln, called the burning zone, where the material temperature reaches
about 1500° C and in which the material spends ~10-15 min.

Due to the nature of raw feed preparation, the wet process offers more uniform
feed blending and generates less dust particles. Wet kilns require more combus-
tion energy per ton of clinker produced than the dry process kiln systems as the
water must be evaporated from the slurry feed.

9.2.2
Dry Process Kiln

More than 80% of the U.S. cement industry uses dry process kilns in which raw
meal is prepared without adding any water. Dry process kilns are further divided
into three types — long dry, preheater, and preheater/precalciner systems, with
those built over the last two to three decades typically being the modern pre-
heater/precalciner design. A long dry kiln is similar to a wet kiln with the exception
that the raw materials are fed to the kiln as a dry powder, therefore requiring less
combustion energy to produce clinker than a wet kiln but more electrical energy
to blend the dry raw materials. The preheater kiln system uses dry raw meal that
passes through a tower containing one or more cyclone-type vessels that simulate

Temperature (°F)



146

9 Mercury Emissions Control for the Cement Manufacturing Industry
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Figure 9.3 Schematic of a typical preheater/precalciner dry kiln in cement industry.

a fluidized bed heat transfer mechanism before entering the rotary kiln. The raw
feed is suspended by the hot counter-current kiln gases prior to entering the kiln,
and the preheating phase of the process is accomplished in the tower in a few sec-
onds. This allows a rapid and more efficient energy transfer between the hot kiln
(flue) gases and raw meal than a typical long dry or wet process kiln.

A preheater/precalciner kiln system has a tower with preheater vessels but also
contains a secondary combustion vessel, called a calciner, near the lower stages
of the preheater tower. (Figure 9.3 shows a typical preheater/precalciner kiln sys-
tem, and Figure 9.4 documents the temperature profile of a preheater/precalciner
kiln.) Fuel is introduced into the calciner and about 90% of the kiln feed is calcined
within a few seconds in the hottest zone of that vessel. In this type of process, dry-
ing, preheating, and most of the calcining take place before the feed enters the
rotary kiln. Preheater and preheater/precalciner systems require shorter rotary
kilns, and the process is the most energy-efficient from a fuel standpoint. Approx-
imately 60% of the overall fuel requirements for a precalciner system is at the
calciner versus the main burner in the rotary kiln [5]. Therefore, the addition of a
precalciner also extends the refractory service life of the kiln by reducing the heat
load inside the rotary kiln. A variety of fuels with larger particle sizes and lower
heat values can be accommodated in the calciner as the temperature required for
calcination is much lower than sintering (clinkering) the raw meal into clinker.
Most of the preheater/precalciner kiln systems are equipped with in-line raw mills
usually located between the preheater tower and the APCD, allowing the exhaust
gas from the preheater to be further used to dry the raw material in the raw mill.
The gases exit the raw mill and pass through the APCD before being released from
the stack to the atmosphere. APCDs employed for these types of systems are pri-
marily fabric filters, or baghouses; however, some kilns do use ESPs.

Modern large kilns produce 4000-5000 tons of clinker per day or ~1.5 million
tons of clinker per year. This requires processing between 6000 and 8000 tons of
raw materials daily. Due to the large amounts of fuel and raw materials required to
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(Reproduced from Ref [4] © (1986) with permission from Chemical Publishing Co. Inc.)

produce cement clinker, there is a production incentive in the cement industry to
find alternate fuels and raw materials compatible with the manufacturing process,
where cost-effectiveness of the operations can be improved and quarrying of nat-
urally occurring materials can be reduced.

9.3
State of Knowledge on the Source and Behavior of Mercury in the Cement Kiln System

Mercury can enter the kiln system from two sources — the raw material and the
fuel — both of which inherently contain trace amounts of mercury as naturally
occurring substances and are used in large quantities in manufacturing cement.
The mass and chemical composition of the raw material and fuel and the type
of pollution abatement technology ultimately determine the quantity of the
mercury emissions from a cement kiln system. Studies have been conducted
to determine the mercury content of cement manufacturing raw materials and
fuels. The studies have revealed mercury concentrations ranging from 0.01 to
>1.0 ppm in raw materials [6]. The amount of mercury in the raw feed is highly
dependent on the quarry characteristics. The mercury input from fuel can also
be significant. The concentration and distribution of mercury content in coal has
been documented through U.S. Geological Survey research over the last 20 years.
The study results show concentrations ranging from 0.058 to 0.362 ppm [6]. It
is also important to note there are several constituents in raw materials that
can have an effect on the kiln operations/chemistry and resulting air emissions.

Temperature (°F)
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These include sulfur content, alkali content, chlorine content, and other minor
constituents (e.g., fluorine). The understanding of the chemistry can also play an
important part in the understanding of potential mercury reactions in the cement
kiln system and the form of the mercury in the exhaust gas from the kiln.

All mercury and mercury compounds in the fuel or raw material are volatilized
and converted completely to the elemental form (Hg®) at temperatures above
500 °C in the kiln system. The volatilized mercury is subsequently carried through
the kiln system toward the raw feed end of the kiln along with combustion gases,
where it is subject to cooling from ~1900°C down to ~200 °C. Generally, once
mercury enters a cement kiln system, it has five potential fates [7]:

+ It may remain unchanged and exit the kiln as part of the clinker (very small
amount).

» It may react with raw materials and exit the kiln as part of the clinker (very small
amount).

» It may vaporize in the high temperature zone of the kiln and/or preheater.

« It may condense or react with the CKD and be removed by the APCD.

« It may exit the kiln system in vapor form or be adsorbed to a dust particle as
emitted from the stack.

If the primary source of mercury is the raw feed, studies have shown that it is
likely to be in the form of mercury sulfate (HgSO,) or mercury sulfide (HgS) in the
raw material [7]. If the mercury is primarily from the fuel, then it is most likely in
the mercuric chloride (HgCl,) or HgS form, or already existing as mercuric oxide
(HgO). Also, during combustion, oxidizing agents that may be present in the fuel,
such as chlorine and sulfur, are released. These oxidizing agents play an important
role in the speciation of mercury emitted from cement kiln systems.

Mercury is reported to be present in the combustion gas (or flue gas) compris-
ing varying percentages of Hg’, oxidized (Hg**), or particle-bound (Hg,) form
[8]. Hg? is considered as less reactive, highly volatile, and also insoluble in water.
It passes through the entire kiln system and exits the stack in the vapor phase.
Hg® and a minor proportion of HgO can be present in the flue gas at high temper-
atures; however, only Hg is stable at the high temperatures. As the flue gas cools,
mercury is oxidized through the reaction with compounds from the raw materials
and fuel (e.g., chlorinated compounds, oxygen, bromine, etc.). Hg® and Hg?* com-
prise the vapor-phase mercury. Organomercury compounds would be minuscule
in comparison to inorganic mercury or not likely to be found in the emissions of
a cement kiln as these compounds would be destroyed in the presence of the high
temperatures in the kiln system. In the cooler zones of the kiln system, the Hg?*
may adsorb or condense onto CKD particles in flue gas to form Hg,,. Much of the
dust containing mercury would then be captured by the APCD and, for most kiln
systems, returned to the kiln. A portion of the CKD is often removed from the
system in order to lower the alkali content of the clinker to meet product speci-
fications. The removal of CKD is a mechanism to bleed the kiln system of alkali
salts that build up as they circulate through the system. Mercury adsorbed onto
the dust would also be removed in the same way.
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A number of complex thermo-chemical gas-phase reactions control the
speciation of mercury associated with cement kilns. The presence of hydrogen
chloride (HCI) in the exhaust (flue gas with a range of HCI from 1 to 120 ppm or
greater), which may accelerate the mercury oxidation reaction in the kiln through
the Decon reaction, can result in the formation of HgCl, [9-12]. The oxidation
of mercury occurs when the elemental mercury reacts with chlorine to form
HgCl, below the gas temperature range of 480—-590 °C due to a thermo-chemical
process [6, 13]. The possible mercury oxidation in the kiln system is reported to
be a homogeneous- or heterogeneous-phase reaction [14]. The homogeneous
oxidation may occur in the gas phase whereas the heterogeneous oxidation occurs
on the interface of solid particles inside the kiln system or APCD. As the flue gas
passes through the APCD, temperatures continue to drop below 200 °C, allowing
some of the Hg® to be adsorbed onto the CKD. Some of the Hg?* compounds also
adsorb and condense onto the CKD. The remaining mercury compounds pass
through the stack and are emitted. Mercury oxidation reactions in the cement
kiln system are as follows:

Hg’ + Cl, — HgCl, 9.1)
Hg’ + HCl — HgCl, (9.2)

There has been a limited, but recently increasing amount of sampling and analysis
of mercury speciation in U.S. cement kiln stack emissions. Figure 9.5 shows the
averages for Hg?, Hg?*, and Hg, emissions for wet kilns, long dry kilns, and pre-
heater/precalciner kilns with both raw mill on and off conditions [15]. Due to the
limited data, the results shown in Figure 9.5 may not be representative. However,
this limited data indicates that wet kilns predominantly emit higher concentra-
tions of Hg® compared to long dry and preheater/precalciner kiln systems. This
may be explained by kiln system heat profile differences between wet kilns and
long dry or preheater/precalciner kilns. More data are needed to be more defini-
tive on mercury speciation from different kiln systems.

In along wet or dry kiln, the raw materials are introduced through the kiln feed
end where they encounter gas temperatures of ~200—300 °C. In the long kiln, the
evaporation of water from the slurry (wet kiln) or kiln feed (dry kiln) must first
occur, with the raw meal being maintained in the 50—100° C range, with gas tem-
peratures being as high as 300 °C (Figure 9.2). Hg? that may form during drying
and subsequent calcination of raw meal will reach the APCD with a very limited
interaction with CKD. For long dry kilns, as there is little water to evaporate, the
temperature profile may be sufficiently different compared to the long wet kiln
that oxidation may be more pronounced. In consideration of the limited data and
knowledge of other influencing factors that may be present, additional long-term
data are necessary to confirm the assumed mechanisms of formation.

In contrast, in a preheater/precalciner kiln system, the raw meal passes through
the preheater cyclones and calciner before entering the rotary kiln. The heat profile
of this system, as shown in Figure 9.4, allows sufficient time and temperature for
the oxidation of mercury to occur in the presence of an oxidizing agent (e.g., chlo-
rine, sulfur, and oxygen). In the preheater/precalciner system, the formation of
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Figure 9.5 Mercury speciation percentages - averages for all kiln types [15]. (Reproduced
from Ref [15] © (2009) with permission from Portland Cement Association.)

Hg® occurs when the temperature of the raw meal reaches in excess of 500 °C as
it descends through the preheater tower.

Figures 9.5 and 9.6 show mercury speciation data for all kiln types and for pre-
heater/precalciner systems with the raw mill on-line and off-line conditions. The
data for preheater/precalciner systems is derived from tests on seven different kiln
systems. The studies have shown that, during the raw mill off-condition, the gas
stream delivered directly to the system’s APCD is found to have a higher concen-
tration of mercury as compared to the raw mill on-condition [16]. When the mill is
on-line, exhaust gas exits the top of the preheater tower and is introduced into the
raw mill to dry the raw meal. The temperature of the mercury-laden hot flue gas
exiting the preheater tower prior to entering the in-line raw mill ranges from 315
to 398 °C. The preheater tower exit gas typically contains ~100—150 g nm~3 of fine
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Figure 9.6 Mercury speciation percentages — raw mill on and raw mill off [15]. (Reproduced
from Ref [15] © (2009) with permission from Portland Cement Association.)
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dust particles [15] containing volatilized Hg®. In this scenario, the operating raw
mill acts as both a dry scrubber and condenser. The gas temperature is reduced
through heat exchange in the raw mill to the exit temperature of 90—120°C. The
larger surface area of the finer dust particles in the gases allows adsorption of con-
densed material containing mercury to occur at the lower temperatures.

The gas stream exiting the raw mill with mercury-laden fine particles is ducted
to cyclones in most system designs prior to the APCD, thus removing 85-90% of
the coarser particles (10—50 pm range) from the gas stream. The finer particulate
(0—5 pm) is carried to the APCD where further gas/particulate separation occurs.
In essence, with the raw mill operating, mercury-laden particulate is captured by
both the raw mill system and the APCD and is transported to the blend silos where
it is re-blended into the raw meal and used as kiln feed, creating the opportunity
for a significant mercury recycle loop. The cleaned gas stream is exhausted out
the stack. When the re-blended raw meal reaches temperatures in the preheater
cyclones of ~400 °C, the captured mercury is again volatilized and returned in the
gas stream to the raw mill, only to be recaptured in the particulate. The repeated
volatilization and adsorption of mercury in the preheater tower, raw mill, and
APCD create an enriching mercury loop in the kiln system during the raw mill
on operating condition.

For illustrative purposes, Figure 9.7 shows a mercury loop in a cement kiln
for the raw mill off and on conditions. When the mill is off, the kiln flue gas
stream continues to be cleaned by the APCD. This stream has particulates, in the
form of CKD, with elevated levels of mercury. In general, the mercury-laden CKD
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captured by the APCD would be returned to the kiln. As the CKD is returned
to the system, a circulation of mercury will be created through the preheater, raw
mill, and APCD. Depending on the APCD inlet temperature, some of the mercury
may be in the gaseous state due to higher operating temperatures in the mill off
condition, will not be attached to the CKD, and will be released to the environ-
ment. The net effect of raw mill on and off is simply accumulation of mercury in
the kiln system. Eventually, the mercury will be released to the environment over
time [17].

The release and form of mercury in cement kiln systems is not completely under-
stood. In general, the form of mercury in the system will be dependent on the
cooling rate, temperature, and opportunities for the oxidation/chemical reaction
to occur. These conditions correspond to the gas-phase chemistry relevant to the
specific kiln characteristics, which are driven by the raw materials, gas conditions,
and operating conditions. For example, the concentration of chlorine in the flue
gas depends on a complex series of gas-phase reactions involving oxygen, water
vapor, hydrocarbons, chlorine, and sulfur compounds present in the flue gas in
the kiln system [18, 19].

Without significant data on mercury speciation in cement kilns, it is difficult to
make definitive statements about the types of mercury compounds. However, the
gas-phase equilibrium studies for coal-based flue gas suggest that HgCl, is the
dominant oxidized species in flue gas at temperatures below 480—590 °C [19, 20].
The equilibrium of the oxidation reaction also depends on the concentration
of chlorine and the degree of flue gas cooling [19]. It is generally assumed that
the oxidation of mercury may have a similar pattern in the cement kiln system.
Therefore, the degree of oxidation of mercury in the cement kiln system would
be expected to decrease with increased flue gas cooling rates. As the flue gas
temperatures continue to cool to the mercury boiling point (~357 °C), some of
the mercury reacts to form HgO, which may further react with chlorine to form
HgCl,. However, the gas-phase homogeneous oxidation of Hg’ is kinetically
limited because of the short residence time [10], on the order of ~2s. At gas
temperatures below ~325 °C, some of the mercury may react with sulfur dioxide
(SO,) to form HgSO, and its subsequent reaction with gaseous HCI produces
volatile dichloride which remains within the flue gas [21]. Therefore, the presence
of SO, compounds in the flue gas may limit the concentration of chlorine and
subsequent conversion of Hg® to HgCl,.

The formation of complex silicates in a kiln system is also possible due to the
high silica content in typical raw feed (13—15% by weight) and sufficient resi-
dence time for reactions to take place as vaporized mercury cycles through a kiln
system. Owens et al. [22] stated that the formation of mercury silicates is possi-
ble based on the estimated thermodynamic data at temperatures ranging between
225 and 325 °C. However, the formation of mercury silicate may be inhibited by
the presence of chlorine and sulfur. Additional research and alternative laboratory
methods for clinker analysis will be required to confirm that mercury silicates are
stable above temperatures of 325° C. As the flue gas passes through the APCD, the
temperature continues to drop below 200° C, allowing some of the Hg® to adsorb
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Table 9.1 Potential mercury transformation within cement kiln systems [15]. (Reproduced
from Ref [15] © (2009) with permission from Portland Cement Association.)

System temperature (°C) Chemical species Resulting mercury
influencing reactions compounds

2200 — Hg (elemental, vapor)

<480-590 Chlorine HgCl,

<350 Oxygen, chlorine HgO, HgCl,

<325 Sulfur HgSO,

225-325 Silica HgSiO,

onto CKD particles. Also, some of the Hg** compounds (i.e., HgCl,, HgO, HgSO,)
adsorb onto the CKD particles as mentioned already. It is evident that a lower flue
gas temperature would produce more Hg,, which would be efficiently removed
by the APCD [23] with the remaining mercury compounds exiting the stack. The
mercury reactions that can take place at different temperatures in a cement kiln
system are summarized in Table 9.1.

It is postulated that nearly all forms of mercury exiting the kiln system will be
gaseous or condensed on the fine particulate that exits with the gas stream. How-
ever, there is some very limited data that shows the presence of low but detectable
levels of mercury in cement clinker. As cement manufacturing is a large industrial
process that involves complicating factors such as raw mill on versus raw mill off
and accumulation of mercury in the feed silo or accumulation at different parts
of the system, it is important to note that a short-term stack emission test is not
necessarily representative of actual annual emissions.

2.4
Mercury Emissions Control Solutions in the Cement Industry

U.S. Environmental Protection Agency (EPA) recently set a new limit for
maximum mercury emissions from U.S. cement kiln stacks at 551b MM ton™
clinker for an existing kiln, and 21IbMMton~! clinker for a new kiln [24].
Therefore, reductions of mercury from cement kiln stacks will need to be further
accomplished in the near future, in addition to those reductions already being
implemented.

As described earlier, the source of mercury emissions from cement kiln systems
are trace amounts of mercury in the raw materials and fuel that are inherently
introduced into the kiln system as a part of the cement manufacturing process.
The behavior of mercury in cement kiln systems is very complex as mercury can
exist in various forms depending on the type of system and the chemical reac-
tions that occur in that specific system. The following possible approaches can be
considered for mercury control, which are based on the current state of mercury
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control knowledge as applied to the cement process. Further study is ongoing and
may provide additional approaches or variations to the following.

Option 1: The mass of mercury entering the kiln system can be reduced by using
different raw materials or different fuels containing smaller trace amounts
of mercury, although this option is limited.

Option 2: Some of the CKD captured in the APCD that contains elevated mer-
cury concentrations can be removed from the system and wasted, treated,
or mixed with clinker.

Option 3: The gas stream can be treated to remove the mercury before it is
exhausted out the kiln stack.

Each of these options is further described in the following paragraphs.

Option 1: Although this option may sound the most practical, reducing mer-
cury emissions by reducing mercury concentrations in the raw materials
may be difficult to accomplish without profound economic consequences.
Cement plants are located in areas where raw materials are readily avail-
able. Therefore, changing sources of raw materials, if possible, could impose
a huge economic burden on a cement plant. In a situation where the fuel is
found to contain relatively high trace levels of mercury, the economics, and
practicality of reducing mercury inputs may also be difficult. Transportation
costs for fuel can be very significant and the location of a potential alternate
source of fuel with lower mercury content may significantly increase costs
of fuel acquisition.

Option 2: In cement kiln operations, a portion of the CKD is often removed
from the system in order to lower the alkali content of the clinker to meet
U.S. product specifications. This mode of operation is also known in the
cement industry as wasting CKD. This practice is minimized as much as
possible to keep from wasting material that has already been partially cal-
cined, thus continuing to have economic value as a partially processed raw
material. As a matter of fact, the U.S. cement industry has made significant
reductions in dust wastage rates over the last few decades. The removal of
CKD is a mechanism to bleed the kiln system of alkali salts that build up as
they circulate through the system in a pattern similar to mercury. Ifa portion
of the dust from the APCD is not wasted, the mercury remains in the system
and is recirculated, with the concentration of mercury in the external loop
of a preheater/precalciner system (shown in Figure 9.7) increasing over a
period of time. If the raw mill exhaust is equipped with cyclones to separate
coarse dust particles that are transported to the blending silo, then the mer-
cury concentration in the APCD may not be significantly different between
raw mill off versus raw mill on operating modes. If the raw mill exhaust is
not equipped with cyclones, then diverting APCD dust with the raw mill on
will not be as efficient for removing mercury from the system because of the
dilution effect of the large mass of dust captured by the APCD. The amount
of CKD generated in a typical kiln system when the raw mill is off can be
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significant at 8— 15 ton h~!. Wasting all the CKD would not be economically
viable due to its value as a raw material to the process.

A patent-pending, mercury-laden, kiln CKD roasting technology has been
identified as a possible mercury removal mechanism for the cement indus-
try [25]. In the roasting system, the mercury-laden CKD is heated above
the boiling point of mercury. While mercury is in the gas phase, an ESP is
used to separate the dust from the gas-phase mercury, which can then be
removed by various techniques such as activated carbon injection (ACI).
The cleaned dust is taken back to the blending silo to be used as kiln feed.
Another practice possible for cement plants is called dust shuttling. This
practice is utilized currently at some facilities, and is being considered by
others as a potentially viable option to remove mercury from the kiln sys-
tem by shuttling dust from the APCD. For this practice, the facility main-
tains a specific mix chemistry to allow incorporating a small quantity (3—5%
of product) of CKD in the finish mill, intermixing the CKD with cement
[25-27].

For those cement kilns that do not waste or shuttle CKD, it is reasonable
to assume that essentially all the mercury in the raw material and fuel will
end up as stack emissions over the course of a year. However, if a portion
of the dust is shuttled, this will lower mercury stack emissions, as some of
the mercury becomes bound up in the cement product matrix. This is a
viable mercury reduction option to the extent the CKD can be interground
with the clinker while still maintaining a quality product. Since only a por-
tion of the collected CKD from the APCD can be diverted, the mercury
reduction capability is limited. It is reported that the efficiency of mercury
removal of APCD dust is dependent on site-specific conditions, including
the flue gas composition, operating temperature at the inlet of APCD, and
dust loading in the systems [25]. Thus, dust shuttling is expected to have a
limited impact on mercury emission reductions. However, in the event, as
the shuttled CKD has a high mercury content, dust shuttling may present an
effective method of removing mercury from the system, subsequently being
a significant mercury control option.

Option 3: When considering cement industry options for treating the gas
stream for mercury removal before exhausting the gas through the kiln
stack, the majority of the controls require tailpipe treatment after the
existing APCD. In fact, as described below, control technologies being
currently considered would require an additional APCD between the
existing APCD and the stack.

Mercury control technologies currently being considered as options for cement
kiln system emissions include

e Activated carbon injection (ACI)
e Wet scrubbing
o Selective catalytic reduction (SCR) and wet scrubbing.
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9.4.1
Activated Carbon Injection (ACI)

Activated carbon is a widely used adsorbent in several industries due to its unique
physical and chemical properties. The large surface area, pore volume, and pore
size distribution of activated carbon make it a potential adsorbent to accomplish
mercury removal from the cement kiln flue gas. ACI applications have been used
historically for mercury control in municipal waste incinerators, hazardous waste
incinerators, and power plant applications. However, there are some factors that
make direct transfer of this technology to the cement industry less effective. For
example, the variable SO, and HCI concentrations along with a high dust loading
of calcium and alkali materials may interfere with the absorption sites on the acti-
vated carbon. The percent mercury removal using ACI in the cement industry will
be dependent on the temperature and composition of kiln flue gas and the amount
and type of activated carbon used. Cement kiln APCD operating temperatures are
usually at the high end of absorption temperatures of activated carbon, being effec-
tive up to 204 °C. It has been found that typical mercury reduction ranges from
20% to 90% using ACI rates of 2—101b MMacf!. It is reported that the mercury
adsorbed onto activated carbon is stable. It does not readily desorb, nor is it leach-
able (based on toxicity characteristic leaching procedure (TCLP) results) [28, 29].
This becomes an important factor as the carbon and CKD captured in the APCD
must be appropriately managed for final disposal.

There are at least two cement kilns in the United States currently using ACI
technology for mercury control. However, there are additional issues to study and
resolve as described in the following paragraphs.

The new EPA MACT (maximum achievable control technology) standard for
HCl in an existing cement kiln is 3 ppm [24]. When facilities comply with the
HCl standard concurrently with the Hg standard, there may be an impact on the
effectiveness of mercury control technologies. This correlation needs to be taken
into account for determining the final control mechanism for a particular kiln.
Moreover, chlorine in the cement kiln may combine with the alkalis (sodium and
potassium) prevalent in the raw materials, resulting in insufficient chlorine to con-
vert Hg® to Hg?". In addition, the presence of SO, in the flue gas may interfere with
the carbon absorption efficiency [30].

In employing ACI technology to a cement kiln system, an additional APCD may
be required to be constructed between the existing APCD and the kiln stack for
further polishing. Activated carbon would be injected into the gas stream between
the first and second APCDs. By capturing the remaining mercury from the flue
gas in the second APCD before it is exhausted through the stack, mercury can
be effectively removed from the system, as the mercury-laden activated carbon
is separated from the kiln flue gas stream prior to the gases being released to the
environment through the stack. This activated carbon can be wasted typically to
a sanitary landfill as non-hazardous solid waste, which would effectively remove
mercury from the kiln system.
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Another approach to collecting and removing mercury from a cement kiln
would be to use the absorption capacity of the kiln system, which could also be
enhanced by using activated carbon. In a current kiln system configuration, the
CKD is typically recycled to the maximum extent possible back to the kiln as part
of the kiln feed, with most of the Hg, being absorbed by the dust recycled back to
the kiln. However, in some kiln systems, activated carbon could be injected into
the main baghouse, depending upon the mercury carbon absorption properties
of the collected dust. Some of this collected dust could be shuttled to the finished
mill, with the remainder sent to the blend silos. This would work where the
dust shuttled material would be small enough not to impact product quality.
The material from the blend silos would re-enter the kiln system, destroying the
carbon, and releasing the mercury to be once again collected on new carbon
that is injected into the baghouse. This would have the effect of increasing the
mercury concentration of the baghouse dust, which would make the removal of
that dust a more efficient mechanism for mercury removal from the kiln system.

For an in-line raw mill system, ACI might be a mercury control option when
the raw mill is off-line. However, the adsorption of mercury onto activated car-
bon is temperature-dependent. It is reported that ACI can work effectively only
at temperatures below 160 °C [31]. This may be a problematic temperature for
some existing systems as the flue gas temperature is comparatively high when the
raw mill is not operating. Some halogenated powdered activated carbon (PAC) is
reported to reduce mercury emission by more than 70% at APCD inlet tempera-
tures up to 343 °C, but further investigation is needed to test the PAC performance
for a longer period of time at various cement plants. As an example of potential
issues, the brominated PACs could cause operational issues in a kiln system if they
are reintroduced, causing an imbalance in the alkali—halogen ratio in the kiln.

As described above, both temperature and mercury concentrations in the flue
gas may be issues that render the use of ACI technology less effective in the cement
kiln system environment. Moreover, the baghouse dust with activated carbon may
be problematic when used in clinker grinding or dust shuttling, but this issue will
be site-specific. Activated carbon negatively impacts the air entrainment capa-
bilities of the final cement product [25, 32]. Although ACI has the potential for
mercury control in a cement kiln system, the industry still faces the significant
economic issues of an additional large capital cost to construct a second APCD
and to deal with disposal of the mercury-laden carbon material.

94.2
Wet Scrubbing

Wet scrubbing has been used in several industrial processes such as the electric
power generation industry to reduce the SO, content of flue gases. In this pro-
cess, a slurry of limestone or lime is sprayed into the gas stream, usually after
the APCD, and the acidic SO, content of the gas reacts with the basic lime con-
tent to form gypsum. Therefore, the soluble components within the gas stream are
removed in the scrubber, and a clean gas stream results. The solid residue that is
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formed is removed and discarded. Wet scrubbers have not been used extensively
in the cement industry historically due to lime inherently being in the kiln sys-
tem. This creates a natural dry scrubbing process that removes much of the SO,
content from gaseous effluents, nullifying the need for additional SO, control. It is
reported that wet scrubbers have the capability of capturing soluble forms of mer-
cury [33]. The oxidized mercuric compounds such as HgCl, are generally soluble
in water, whereas Hg? is not soluble in water. EPA has reported that the electric
power generation industry has had some success in mercury removal in wet scrub-
bers, especially in plants burning medium to high sulfur bituminous coals that
tend to produce a larger amount of the Hg?* species.

A limited number of cement kiln systems in the United States (five known instal-
lations to date) have installed wet scrubbers primarily for SO, and acid gas con-
trol. It is reported that the wet scrubber can capture more than 80% of SO, and
HgCl, from the cement kiln flue gases [25]. However, there are several problems
in transferring the process from electric power generation to the cement industry
for mercury control. The effectiveness of wet scrubbing is highly dependent on
the temperature of the gas stream, and the scrubber is normally located after the
APCD. In many cases, the cement kiln gas stream exiting the APCD is >204°C
when the raw mill is off-line. Wet scrubbers have been shown to be effective in
capturing up to 90% of the Hg?" in the kiln flue gases. Hg, not captured in the
APCD will likely be captured in the wet scrubbers. However, Hg? is not removed
from the flue gases due to its non-solubility.

As described, the effectiveness of wet scrubbers for mercury removal mainly
depends on the mercury species present in the flue gas. In addition, the reemis-
sion of mercury may occur with wet scrubbers. Reemission is a result of mercury
reduction chemistry in wet scrubbers, where Hg?* is reduced to insoluble Hg®.
Thus, the overall effectiveness of wet scrubbing for cement kiln emissions is
unclear [34]. Studies based on the coal-fired power plant flue gases have shown
that the amount of mercury retained in the scrubber solids may range from
40% to 85% [35]. The primary reported factor affecting mercury retention by
a wet scrubber is the liquid to gas ratio, which may limit the mass transfer
of pollutants. In addition, the scrubber solids must be properly managed and
the water chemistry must be controlled to prevent reemission of the captured
mercury.

94.3
Selective Catalytic Reduction (SCR) and Wet Scrubbing

SCR has been developed to remove NO, emissions from flue gas. In an SCR sys-
tem, the reducing agent of ammonia or urea is injected into the flue gas at the
upstream side of the catalyst bed. The flue gas is passed through the catalyst bed
containing oxides of vanadium or titanium where NO, is reduced to form ele-
mental nitrogen and water vapor. The SCR system is generally installed before
the primary APCD in a cement plant for NO, control as temperatures in the
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range of 288—460 °C are required for the catalyst to be effective. A wet scrub-
ber is installed after the APCD to control SO, emissions. A co-benefit of the SCR
process is reported to be its ability to convert Hg? to Hg?*, primarily HgCl, [36].
As described earlier, HgCl, is water soluble and can be captured in a wet scrubber
along with SO,. EPA has reported data from its Mercury Information Collection
Request (ICR) showing that some electric power generation facilities use a com-
bination of SCR and wet scrubber technologies to control the oxides of nitrogen
and sulfur, which is also very effective in removing mercury from flue gases. The
oxidation of mercury by the SCR process appears to be dependent on the type of
coal combusted, furnace conditions, and physical and chemical properties of the
catalyst [37, 38].

The catalyst used in an SCR system has the potential to catalyze the formation
of sulfur trioxide (SO;) from SO, and gas-phase chlorine (Cl,) from HCI that are
present in the flue gas [37]. Cl, in the flue gas will affect the overall conversion of
Hg? to HgCl,. Bituminous coal typically contains higher Cl, and sulfur than the
low-ranking sub-bituminous and lignite coals that are abundant with high calcium
[37-40]. Higher quantities of Cl, result in greater conversion of Hg® to Hg?* in an
SCR system and subsequently increase the removal of mercury in the wet scrub-
ber. Conversely, the flue gas from the combustion of sub-bituminous and lignite
coal appears to reduce the effectiveness of the SCR in converting mercury. This is
due to the Cl, in the power plant flue gas from coal combustion tending to react
with the alkaline materials in ash resulting in little, if any, Cl, being available for
the oxidation of mercury. In a power plant SCR application, ~80—90% Hg® in the
flue gases from bituminous coal use is reported to be oxidized to HgCl,. When
the gas stream passes through the wet scrubber, the soluble HgCl, is dissolved in
the solution sprayed into the wet scrubber. Therefore, the wet scrubber would then
be expected to remove ~90% of the soluble mercury. The reduction of mercury
from the flue gases of a power plant utilizing sub-bituminous and lignite coals is
found to be only 20% with or without SCR [40]. However, the use of an SCR system
at a cement plant will be dependent on site-specific conditions. The SCR catalyst
bed must be located in an area where the flue gas temperature is in the appropriate
range. There may be catalyst poisons such as alkali metals and calcium oxide in the
cement kiln flue gas that will deactivate the catalyst by reacting with active sites.
The catalyst may also become plugged in the high dust installations associated
with preheater/precalciner kiln systems.

9.5
Conclusions

The cement manufacturing industry is a raw material-driven industry with
demanding combustion conditions a part of the pyroprocessing portion of the
process. As such, the study of mercury sources, forms, and emissions are unique
in this industry. With the wide range of temperatures existing within a kiln
system, mercury can be present in several chemical forms at different locations
within the system. It can pass through the system as Hg® or a volatile mercury
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compound. It can condense or adsorb onto CKD in cooler parts of the system,
such as in the APCD or raw mill (for preheater/precalciner kilns), when the
temperature falls below 200° C. It has been shown that there are mercury recycle
loops within the kiln system. CKD generated during processing of raw meal
is recycled back to the kiln as kiln feed, with some systems being designed to
continuously bleed some portion of the CKD from the APCD to maintain cement
quality. This process inherently helps break the mercury accumulation cycle in
the kiln, subsequently reducing the mercury load in the system and therefore
reducing annual emissions.

As increased regulatory controls have just been put in place, and corresponding
control of mercury emissions is currently being evaluated for future installations,
the status of proven mercury control technologies used in cement kiln systems
to treat the kiln exit gas stream is not yet clearly established. There are several
technologies, including the use of ACI, a wet scrubber, and SCR; all of which are
currently used to control mercury from flue gases in the electric power generation
industry and for municipal and hazardous waste incinerators. These technolo-
gies may potentially be transferable to a cement kiln system, although the gas
streams that exit the kiln are different than those industries currently using these
technologies for mercury control. Current mercury control technologies used in
other industries and transferred to cement kilns would require the installation of
an additional APCD for an ACI installation or wet scrubber for particulate con-
trol downstream of the existing APCD. Another mercury control solution may be
through wasting or shuttling some of the mercury-enriched CKD collected in the
APCD when the raw mill of a preheater/precalciner kiln is off-line.

Regardless of the control system(s) used for mercury in a cement plant, addi-
tional data collection on the variation of mercury emissions over time needs to be
conducted. This is especially true of emissions under the raw mill on/off scenarios
of a preheater/precalciner kiln. Additional data collection is also needed to deter-
mine the speciation of mercury emissions from cement kiln stacks and within the
kiln process. As described in this chapter, and throughout this book, many of the
control technologies are dependent on the exact form of mercury. There are lim-
ited definitive studies on the speciation of mercury in a cement kiln system, and
there is yet much to learn on mercury control for this industry. It is anticipated
that much knowledge will be gained over the next few years and that additional
control technologies currently being developed and tested will become additional
solutions for the industry.
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10.1
Introduction

The U.S. Department of Energy’s (DOE’s) National Energy Technology Laboratory
(NETL) managed a comprehensive, collaborative program from the mid-1990s
to 2008 that focused on the research, development, and demonstration (RD&D)
of cost-effective mercury (Hg) control technologies, including investigating
the potential impact of Hg control on the use and disposal of coal combustion
byproducts. The overall goal of the program was to significantly lower the cost
and increase the capture efficiency of advanced systems to remove Hg from
coal combustion flue gas, should coal-fired power plants be regulated. NETL
achieved this ambitious goal and ultimately was successful in bringing Hg control
technology from what was only a concept in the early 1990s to a commercial
product. As of 2010, pollution control equipment vendors have sold nearly 150
full-scale activated carbon injection (ACI) systems, a signature technology of the
NETL program, to U.S. coal-fired power generators. These sales represent more
than 56 GW of coal-fired electric generating capacity. The U.S. Environmental
Protection Agency (EPA) projects that 146 GW of ACI will be installed on U.S.
power plants by 2015 in order to comply with proposed Federal Hg emission
control regulations [1]. The Hg control systems developed under the NETL
program that are currently being deployed by the electric-utility industry have
the potential to achieve 80-90% or more Hg reduction at a cost that can dip below
$10 000 per pound of Hg removed, compared to baseline costs of $50 000—70 000
per pound of Hg.

10.2
Background

Coal is one of the United States’ most abundant and secure energy resources and
coal-based power systems generated ~45% of the nation’s electricity in 2009 [2].
Coal is projected to continue to be an important component of the U.S. energy

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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portfolio well into the twenty-first century. While coal-based power plants have
made significant strides since the early 1970s in substantially reducing emissions
of particulate matter (PM), sulfur dioxide (SO,), and nitrogen oxide (NO,), envi-
ronmental challenges still exist. One of those challenges is Hg. Mercury is found
in trace amounts in coal, and much of it escapes capture by technologies designed
to remove PM, SO,, and NO, . Today, coal-fired utility boilers represent the largest
source of anthropogenic Hg emissions in the United States, accounting for about
50% of all man-made emissions [1].

Mercury is present in dilute concentrations in power plant flue gases. Liquid
at room temperature and pressure, Hg, when heated, is volatile and easily vapor-
ized. Depending on the type or mix of coal being burned and the downstream
emissions control systems being employed by a power plant, Hg is released to the
atmosphere in varying percentages in two primary gaseous forms — elemental Hg
and oxidized Hg. It can also be emitted as particulate-bound Hg.

As part of the 1990 Clean Air Act Amendments (CAAAs), Congress mandated
that EPA assess the potential health impacts of Hg and other hazardous air pol-
lutants and, if necessary, set standards that would reduce these impacts. In 2000,
EPA determined that there was sufficient evidence of a link between Hg emitted
from stationary sources and certain adverse health effects and began crafting reg-
ulations. In March 2011, EPA proposed new Federal Hg standards (known as Max-
imum Achievable Control Technology (MACT)) that would reduce Hg emissions
from coal- and oil-fired power plants by more than 90%. The new proposed rule
will replace the vacated Clean Air Mercury Rule (CAMR) that was issued by EPA
in March 2005. The proposed MACT standards would establish plant-specific
numerical emission limits for Hg, PM (a surrogate for toxic, non-Hg metals), and
hydrochloric acid (a toxic acid gas). The final MACT rule was promulgated in
November 2011. Due in part to EPA’s delay in setting Federal Hg emission stan-
dards, state regulatory agencies began implementing Hg standards. As of February
2011, at least 14 states had laws or regulations requiring Hg emission reductions
at coal-fired power plants [3].

10.2.1
NETL’s Hg Control Technology R&D

Paralleling EPA’s assessment of the health effects of Hg, NETL initiated an ambi-
tious Hg control technology research and development (R&D) program in the
mid-1990s [4]. The program was driven by concerns that cost-effective Hg cap-
ture technology did not exist should EPA conclude that Hg emissions from coal-
fired power plants and other stationary sources needed to be regulated. Under
DOE'’s Office of Fossil Energy’s (FEs) Innovations for Existing Plants (IEP) Pro-
gram, NETL worked collaboratively with EPA, the Electric Power Research Insti-
tute (EPRI), the University of North Dakota Energy and Environmental Research
Center (UNDEERC), power plant operators, and state and local agencies, as well
as a host of research organizations, technology developers, and academic institu-
tions, to bring to commercial readiness both reliable techniques for measuring the
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different chemical forms of Hg in coal-based flue gas and cost-effective technolo-
gies and approaches for reducing Hg emissions from power plants.

More than $120 million in Federally funded extramural and in-house research
was conducted under the IEP Hg Program — including more than $30 million in
private-sector cost sharing — directed at five interrelated research areas:

+ Emissions characterization.

» Development and testing of measurement devices.

¢ Speciation research.

» Development and field testing of control technologies.
» Coal utilization byproducts (CUBs) characterization.

The overall short-term goal of the NETL Hg R&D Program was to develop Hg
control technologies that would be ready for commercial demonstration by 2007
and that could achieve 50-70% Hg capture at 50—75% of the cost of state-of-the-
art ACI estimated to be between $50 000 and $70 000 per pound of Hg removed.
The NETL Hg R&D Program had a longer-term goal of developing advanced Hg
control technologies that could achieve 90% or greater capture at 50—75% of the
cost of state-of-the-art ACI technology for commercial demonstration by 2010.
However, in 2008, it was determined that DOE had successfully achieved its goal of
bringing efficient, cost-effective Hg control technologies to commercial readiness
and that further development and refinement of Hg control systems should be
carried out by the private sector.

10.2.2
Mercury Speciation

Analysis of flue gas samples conducted early in the NETL program revealed
that the trace amount of Hg present in coal is volatilized during combustion
and converted to gaseous elemental mercury (Hg?). Subsequent cooling of the
coal combustion flue gas and interaction of the gaseous Hg® with other flue
gas constituents, such as chlorine (Cl) and unburned carbon (UBC), result in a
portion of the Hg? being converted to gaseous oxidized forms of mercury (Hg?*)
and particulate-bound mercury (Hgp) [5].

The initial research conducted by NETL and other organizations, such as EPRI
and UNDEERC, further showed that the varying percentages of Hgp, Hg?*, and
Hg® had a profound effect on the Hg capture efficiency of existing air pollution
control devices (APCDs) designed to control PM, SO,, and NO, emissions, rang-
ing from 0% to more than 90% removal [6]. The Hg, fraction typically was captured
by a power plant’s particulate control system, such as an electrostatic precipita-
tor (ESP) or fabric filter (FF). The Hg?* portion is water-soluble, and therefore
a relatively high percentage was shown to be removed in a plant’s wet flue gas
desulfurization (FGD) unit designed to remove SO,. The Hg? fraction is generally
not captured by any existing APCD. In addition, operation of a selective catalytic
reduction (SCR) system for control of NO, emissions was shown to promote Hg®
oxidation and enhance Hg capture across a downstream FGD [7].
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In summary, NETL’s Hg speciation research revealed that (i) several key factors
influence Hg speciation in coal combustion flue gas; (ii) Hg speciation impacts the
level of Hg control achieved by existing APCD configurations; and (iii) Hg capture
across existing APCD configurations could be enhanced.

10.2.3
Mercury Control Technologies

The Hg speciation research set the stage for the development of a suite of Hg con-
trol technologies that would be needed for the diverse fleet of U.S. coal-fired power
plants. The research was directed at two general approaches for controlling Hg:
(i) Hg® oxidation concepts that maximize co-benefit removal of Hg?* in wet FGD
systems and (ii) Hg-specific control technology, such as ACI. In a typical ACI con-
figuration, powdered activated carbon (PAC) is injected downstream of the power
plant’s air heater and upstream of the particulate control device — either an ESP
or FF (Figure 10.1). The PAC adsorbs the Hg from the combustion flue gas and is
subsequently captured along with the fly ash in the ESP or FFE.

In 2000, following laboratory-through pilot-scale development of these
approaches, NETL launched a three-phase field testing program. The program
called for full-scale and slip-stream testing of Hg control technologies over a
limited test period at operating coal-fired power plants. The initial field testing
(Phase I) focused on both slip-stream and larger-scale testing of conventional
(untreated) PAC and on improving the capture of Hg across wet FGD sys-
tems. Phase II, which began in 2003, included longer duration, full-scale field
testing of chemically treated ACI, sorbent enhancement additives (SEAs), and
sorbent-based technologies designed to preserve fly ash quality. Phase II also
included evaluations of chemical additives and Hg? oxidation catalysts to enhance
FGD Hg capture. The goal of Phase I and Phase II was to develop Hg control
technologies that could achieve 50—70% Hg capture at costs 25—50% less than
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Figure 10.1 Activated carbon injection technology schematic.
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the baseline (1999) estimate of about $60 000 per pound of Hg removed ($/1b Hg
removed).

While the 30-day-long tests conducted in Phase II yielded significant informa-
tion on the performance of the advanced Hg control technologies, the testing
period was not always sufficient to answer all of the questions about the impact
these systems might have on power plant operations. To better understand poten-
tial balance-of-plant impacts and to further push the capture effectiveness of the
Hg control technologies, NETL initiated nine new projects in 2006 to conduct
longer duration field tests. The Phase III projects supported the NETL Hg R&D
Program’s longer-term goal of developing advanced Hg control technologies that
could achieve at least 90% Hg capture and be available for commercial demonstra-
tion by 2010.

10.2.4
Results from Field Testing Program

Between 2000 and 2008, the NETL Hg R&D Program managed full-scale field
tests of Hg control technologies at nearly 50 U.S. coal-fired power generation
facilities. The flexibility of the Hg R&D Program allowed NETL to quickly
incorporate insights and lessons learned into the development of advanced
Hg control technologies tailored to specific areas of need. For instance, a
determination that Cl released during coal combustion promotes Hg oxidation
in flue gas led to field testing of technologies designed to provide a halogen
“boost” for coals such as subbituminous and lignite. NETL had observed a
step-change improvement in both the cost and performance of Hg control
during full-scale field tests of coal treatment with an aqueous calcium bromide
(CaBr,) solution at plants equipped with a wet FGD system, and during tests
using chemically treated (or brominated) ACI upstream of a particulate control
device.

10.2.5
Oxidation Enhancements

Oxidation of flue gas Hg® followed by absorption of Hg?" across a wet FGD
system has the potential to be a reliable and cost-effective Hg control strategy
for some coal-fired power plants. To optimize Hg capture across FGD systems,
NETL funded field tests of technologies, such as chemical additives and Hg®
oxidation catalysts that promote Hg’ oxidation in coal combustion flue gas.
The impacts of combustion modification, such as coal reburn, on flue gas
Hg’ oxidation were also examined under the NETL Hg R&D Program [8].
In addition, NETL evaluated FGD additives designed to suppress Hg’ ree-
missions across an FGD system. Originally thought to be a sampling artifact,
HgP reemissions were observed at several coal-fired units to occur when Hg?*
captured by a wet FGD is chemically reduced within the vessel and reemitted as
Hg®.
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10.2.6
Chemical Additives

The ability of chemical additives, sprayed onto the coal as an aqueous salt solution,
to promote flue gas Hg? oxidation and enhance FGD Hg capture was evaluated
during a full-scale field test at Luminant Power’s Monticello Station Unit 3 [9].
During a 2-week trial conducted at Monticello Station, which burns a 50 : 50 blend
of Powder River Basin (PRB) subbituminous and Texas lignite (TxL) coals, total Hg
capture across the ESP/FGD configuration averaged 86% with a CaBr, injection
rate equivalent to 113 ppm Br in the dry coal. Greater than 90% total Hg capture
was observed during a short-term test with a CaBr, injection rate equivalent to
330 ppm Br in the coal.

NETL also conducted pilot- and full-scale field tests of wet FGD additives
designed to limit Hg® reemissions through the formation of insoluble salts
with Hg?* [10]. The effectiveness of Degussa Corporation’s TMT-15 additive in
suppressing Hg? reemissions was also evaluated at the Monticello Station and
at Southern Company’s bituminous-fired Plant Yates. The results were incon-
clusive due to (i) the absence of reemissions, even without chemical addition,
at Monticello Station and (ii) Hg measurement issues at Plant Yates. However,
TMT-15 had the anticipated impact on FGD byproducts as the FGD liquor Hg
concentrations were significantly reduced during both tests. During a full-scale
field test at Indianapolis Power and Light’s Petersburg Station, which burns
high-sulfur bituminous coal, a modest decline in Hg® reemissions was observed
during an 8-day TMT-15 injection test, but the additive did not impact the
partitioning of Hg in FGD byproducts at this site. Meanwhile, full-scale results
obtained during a 30-day evaluation of Nalco Company’s 8034 additive at Plant
Yates were confounded by low baseline Hg® reemission levels. A third wet FGD
additive to reduce Hg reemission, Babcock and Wilcox’s Absorption Plus (Hg)™,
was evaluated at EEON America’s high-sulfur bituminous-fired Mill Creek Station
after parametric trials revealed that untreated ACI had little, if any, impact on Hg
removal [11]. During long-term testing, total Hg removal averaged about 92%
with the addition of Absorption Plus (Hg). Note that more than 80% of total Hg
removal was observed under baseline conditions.

10.2.7
Catalysts

The ability of fixed-bed catalysts to promote flue gas Hg? oxidation was evaluated
at pilot-scale, and a full-scale field test of a gold-based catalyst was conducted
in 2008/2009 at Lower Colorado River Authority’s Fayette Unit 3 [12]. The cata-
lysts were designed for installation downstream of an ESP or FF to (i) minimize
fly ash deposition on the catalysts; (ii) prevent or minimize catalyst erosion; and
(iii) ensure a low flue gas temperature and flow rate, which reduces the catalyst
space velocity and minimizes the length of catalyst required. The full-scale cata-
lyst test was planned for 24 months to provide catalyst life data. However, the test
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was terminated after 17 months because of continual increases in pressure drop
across the catalyst. The adverse effects of the fly ash buildup on oxidation cata-
lyst performance, along with variable Hg reemissions across the Unit 3 wet FGD
absorbers, led to an increase in Hg removal averaging only 27-30% during the
demonstration.

During pilot-scale testing at Great River Energy’s (GREs) North Dakota
lignite-fired Coal Creek Station, about 67% Hg® oxidation was measured
across a palladium-based (Pd#1) catalyst after 20 months of operation. Fol-
lowing thermal regeneration, Hg® oxidation across the Pd#1 catalyst increased
from 67% to 88% (near the 95% activity of the fresh catalyst). Meanwhile,
nearly 80% total Hg capture was observed across the pilot-scale wet FGD,
with 84% Hg?" at the FGD inlet. At Luminant Power’s Monticello Station,
severe fly ash buildup was observed on the catalyst surfaces, likely caused
by frequent pilot unit outages during the test campaign. Following catalyst
cleaning, Hg® oxidation was ~72% across the regenerated Pd#1 catalyst (trans-
ferred from Coal Creek) and 66% across a gold-based catalyst after about
20 months of pilot-scale operation. Total Hg capture across a pilot-scale wet
FGD ranged from 76% to 87%, compared with only 36% removal under baseline
conditions. This equates to about 70% incremental Hg capture due to the
catalysts.

10.2.8
Activated Carbon Injection

DOE/NETL’s portfolio of full-scale field testing projects encompassed several
variations of sorbent injection technology: untreated PAC, untreated PAC with
chemical additives, chemically treated PAC, EPRI’s toxic emissions control
(TOXECON™) configuration, TOXECON II™, and non-carbon and “concrete-
friendly” PAC sorbents. The development, and subsequent field testing, of
ACI with chemically treated PAC and chemical additives, in conjunction with
untreated PAC, represented a concerted effort to enhance Hg capture at units
firing low-rank coal after Phase I results at the PRB-fired Pleasant Prairie
Unit 2 showed total Hg removal via untreated PAC was limited to about 65%.
These advanced, Hg-specific control technologies were designed to introduce
excess halogens into the Cl-deficient flue gas emitted from low-rank coals to
promote Hg? oxidation and adsorption. Meanwhile, minimizing the impact
of ACI on fly ash utilization was the driving force behind field testing of
the TOXECON configurations and non-carbon/“concrete-friendly” sorbent
injection.

10.2.8.1 Untreated PAC

NETL’s initial field testing using ACI with untreated PAC was conducted by ADA-
ES at four coal-fired power plants (E.C. Gaston, Pleasant Prairie, Brayton Point,
and Salem Harbor) in 2001-2002 [13]. Testing included parametric tests using
several commercially available PAC products at various feed rates and operating
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Figure 10.2 Test results for untreated activated carbon injection.

conditions, followed by a 1-2week short-term test with a PAC selected from
the parametric testing. Test results for E.C. Gaston, Pleasant Prairie, and Bray-
ton Point are shown in Figure 10.2. The ACI test results at Salem Harbor were
inconclusive because average Hg capture was already at 90% during baseline test-
ing without PAC injection. The high baseline Hg removal was attributed to high
levels of UBC and low flue gas temperature.

Untreated PAC was also evaluated during two 30-day long-term tests at Plant
Yates Unit 1 during subsequent field testing during Phase II of NETL’s R&D Pro-
gram. URS selected RWE Rhinebraun’s Super HOK sorbent and total Hg capture
varied from 50—86%, with injection rates ranging from 4.5 to 9.51b MMacf~! [14].
Plant Yates was selected for long-term testing, in part, to gain a better under-
standing of the effect of ACI on small specific collection area (SCA) ESP (173
SCA) and wet FGD operation. URS observed an increase in the ESP arcing rate
during continuous ACI, particularly at high load. While the 30-day long-term
injection test caused no visible physical damage to the ESP, it was unclear what
effect the increased arcing rate would have on ESP performance over longer time
periods.

ADA-ES chose DARCO® Hg PAC for the 30-day long-term test conducted at
DTE Energy’s Monroe Station Unit 4, which burns a 60% PRB and 40% bituminous
coal blend and is equipped with an SCR and cold-side-electrostatic precipita-
tor (CS-ESP) [15]. Total Hg removal averaged 78% with DARCO Hg injection at
4.91b MMacf~!. The performance of untreated DARCO Hg during select full-scale
field tests is presented in Figure 10.2.
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10.2.8.2 Chemically Treated PAC

The limited Hg removal achieved by untreated ACI at Pleasant Prairie spurred
the development and full-scale field testing of alternatives, such as PAC chemi-
cally treated with Br. Two brominated PACs — NORIT Americas’ DARCO Hg-LH
and Sorbent Technologies’ B-PAC™ — were consistently top performers at field
testing units burning lower-rank coals. In fact, the outstanding performance (see
Figure 10.3) of these brominated sorbents accelerated the commercialization of
Hg-specific control technologies and drastically reduced the estimated cost of Hg
control due to a reduction in the ACI rate required to achieve a given level of
control, which offsets the higher cost of these sorbents.

ADA-ES selected brominated DARCO Hg-LH for 30-day long-term field
tests at two PRB-fired units: Sunflower Electric’s Holcomb Station Unit 1 and
AmerenUE’s Meramec Station Unit 2. At Meramec, 93% average total Hg removal
was achieved across the CS-ESP with DARCO Hg-LH injection at 3.31b MMacf !
[16]. Total Hg capture averaged 93% across the spray dryer absorber (SDA)/FF
configuration at Holcomb with DARCO Hg-LH injection at 1.2 1b MMacf~! [17].
UNDEERC also conducted a 30-day evaluation of DARCO Hg-LH at GRE’s North
Dakota lignite-fired Stanton Station Unit 10. With DARCO Hg-LH injection at
0.7 Ib MMacf™}, total Hg capture across the SDA/FF configuration averaged 59%
[18]. However, >90% Hg capture was achieved at this unit during parametric
trials with both DARCO Hg-LH and B-PAC injection at 1.5 b MMacf ™.

The brominated B-PAC sorbent was also selected for 30-day long-term trials
at three of NETL’s field testing sites. At GRE’s PRB-fired Stanton Station Unit 1,
URS observed 85% average total Hg removal across the CS-ESP with B-PAC injec-
tion at 1.7 Ib MMacf~! [19]. Sorbent Technologies conducted long-term field tests
with B-PAC at DTE Energy’s St. Clair Station Unit 1 that burned an 85% PRB and
15% bituminous coal blend, and at Progress Energy’s bituminous-fired Lee Station
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Figure 10.3 Test results for treated activated carbon injection.
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Unit 1. At St. Clair, 94% average total Hg removal was achieved across the CS-ESP
with B-PAC injection at 31b MMacf~! [20]. Total Hg capture averaged 85% across
the CS-ESP at Lee with B-PAC injection at 8 1b MMacf™! [19]. Note that the 30-
day long-term test at Lee was conducted with the sulfur trioxide (SO;) flue gas
conditioning (FGC) system idled and opacity levels remained acceptable.

ADA-ES conducted field testing at Rocky Mountain Power’s PRB-fired Hardin
Generating Station to evaluate the Hg removal performance, long-term emissions
variability, and associated operating and maintenance costs of PAC injection
for >90% Hg control during a year-long, full-scale demonstration. Baseline Hg
capture at Hardin ranged from 20—30% across the SCR and SDA/FF configuration
[21]. During parametric testing, an injection rate of about 11b MMacf™! was
required to attain slightly more than 90% total Hg removal with DARCO Hg-LH
and Calgon Carbon’s brominated FLUEPAC™-MC Plus. In addition, injection
of a DARCO Hg and FLUEPAC-MC Plus mixture achieved 90% total Hg at
0.141b MMacf™!, with a low KNX™ additive rate.

URS conducted field testing at NRG Texas Power LLC’s Limestone Electric
Generating Station Unit 1 that fired a 70: 30 blend of TxL and PRB coals and was
equipped with a CS-ESP and wet FGD. Baseline Hg removal was highly variable,
ranging from about 5-50%. Since this unit markets its fly ash for reuse, two
Hg control technologies designed to preserve ash quality were evaluated during
parametric tests: low-ash impact sorbent injection and TOXECONII [22]. During
injection upstream of the ESP, the brominated B-PAC and DARCO Hg-LH sor-
bents performed similarly, with about 90% ACI Hg removal at 2—31b MMacf!.
Untreated DARCO Hg also achieved 90% ACI Hg removal with injection at
slightly <61b MMacf~. Injection of the “concrete-friendly” C-PAC™ sorbent at
about 1.51b MMacf™! resulted in ~73% ACI Hg removal. During parametric trials
with the TOXECON II configuration, ACI Hg removal was limited to about 60%
with DARCO Hg and DARCO Hg-LH injection at about 5—61b MMacf~!. Note
that DARCO Hg-LH injection into the TOXECON II configuration took place
with the unit firing 100% PRB coal. A 2-month continuous injection test was
completed with DARCO Hg-LH injection at 21b MMacf~?, and results indicated
that the project goal of 50-70% ACI Hg removal across the ESP was achieved. In
addition, URS was confident that the low DARCO Hg-LH injection rate would
not prohibit fly ash reuse.

Another chemically treated ACI technology tested under the NETL Hg Pro-
gram, ALSTOM Power, Inc.—U.S. Power Plant Laboratories’ (ALSTOM —PPLs)
Mer-Cure™ process, is unique in that injection takes place in the high-
temperature region upstream of the air preheater (APH) and the process employs
a proprietary “processor” to prevent chemically treated Mer-Clean™ sorbent
agglomeration and to ensure uniform sorbent dispersion [23]. Three 30-day
long-term field tests of Mer-Cure were completed at sites equipped with a
CS-ESP: (i) PacifiCorp’s PRB-fired Dave Johnston Unit 3; (ii) Leland Olds Unit
1; and (iii) Reliant Energy’s medium-sulfur (2%) bituminous-fired Portland
Station Unit 1. Chemically treated Mer-Clean eight injection rates of 0.63 and
1.41b MMacf~! achieved average total Hg removals of 92% and 90% at Dave
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Johnston and Leland Olds, respectively. At Portland, about 95% average total
Hg capture was observed with chemically treated Mer-Clean 821 injection at
8.51b MMacf™!. The reduced efficiency of the Mer-Clean sorbents at Portland
might have been caused by elevated levels of flue gas SO, resulting from the
combustion of medium-sulfur bituminous coal.

An evaluation of Mer-Cure was completed at LCRA’s Fayette Unit 3 in April
2007 [24]. Baseline Hg capture was ~50% across the CS-ESP and wet FGD.
ALSTOM -PPL evaluated three sorbents (eSorb™ 11, eSorb™ 13, and eSorb™ 18)
designed to preserve fly ash quality, along with Mer-Clean 8, during parametric
testing. Excluding eSorb 18, 80% ACI Hg capture was achieved with injection at
0.4—0.51b MMacf™!. At an injection at about 0.8 Ib MMacf~!, eSorb 11, and Mer-
Clean 8 attained 90% ACI Hg capture. Test results indicate that fly ash remains
marketable with eSorb 13 at about 0.51b MMacf~! (85% ACI Hg capture).

10.2.8.3 Conventional PAC with Chemical Additives

As an alternative to using chemically treated PAC, NETL also sponsored field
tests using conventional PAC supplemented with chemical additives — known as
sorbent enhancement additives (SEA) — applied to the coal and/or flue gas to over-
come the poor performance of conventional PAC in low-rank coal applications.
Through funding provided by NETL, UNDEERC conducted two 30-day long-term
field tests at full-scale units firing North Dakota lignite coal to determine whether
SEA coal treatment enhances the performance of untreated ACI at units burning
lower-rank coals [18]. Indeed, SEA coal treatment improved the Hg capture effi-
ciency of untreated ACI at both of these field testing sites. During the 30-day trial
at Basin Electric’s Leland Olds Station Unit 1, 58% average total Hg capture was
observed across the CS-ESP with DARCO Hg injection at 2.7 Ib MMacf~!, coupled
with the addition of an aqueous CaCl, solution to the North Dakota lignite coal ata
rate of 2.9 1b MMacf~!. UNDEERC also evaluated this advanced, Hg-specific con-
trol technology at Basin Electric’s Antelope Valley Station Unit 1. Total Hg removal
averaged 92% across the SDA/FF configuration with the addition of SEA2 to the
North Dakota lignite coal at a rate of 0.033 Ib MMacf~! and DARCO Hg injection
at 0.811b MMacf™!.

UNDEERC conducted additional field testing at Montana-Dakota Utilities
Company’s Montana lignite-fired Lewis and Clark Station that was equipped
with a mechanical collector and wet venturi scrubber. Parametric tests evaluated
the Hg capture efficiency of SEA1 and SEA2 addition to the coal with and
without ACI upstream of the wet venturi scrubber [25]. With SEA1 injection at
600 ppm coal equivalent, about 90% Hg removal was achieved with untreated
DARCO Hg injection at 31b MMacf™!. Slight improvements in performance
were observed with higher SEA1 and DARCO Hg injection rates. Ninety percent
Hg removal was also observed with SEA2 injection at 100 ppm coal equivalent
and DARCO Hg injection at 11b MMacf!. Note that in the absence of PAC
injection, Hg removal was limited to about 55% with SEA2 injection at 100 ppm
coal equivalent.
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UNDEERC evaluated PAC and SEA injection, as well as the SEA2 technique 2
(SEA2 T2) technology that involves co-injection of the proprietary SEA2 additive
and PAC upstream of the particulate control device. Full-scale field testing was
conducted at Kansas City Power & Light’s Hawthorn Unit 5 that burns PRB coal
and was equipped with an SCR and SDA/FF configuration. During parametric
testing at Hawthorne, >90% total Hg capture was achieved with SEA1 added to
the coal at 1200 ppm and DARCO Hg-LH injection at 3 1b MMacf~! [26]. With the
SEA2 T2 technology, the co-injection of DARCO Hg at 2.8 Ib MMacf~! and SEA2
at 0.14:1b/1b of PAC resulted in about 85% total Hg removal.

10.2.8.4 ACl Upstream of a Hot-Side ESP

NETL also evaluated Hg control technologies designed specifically for hot-side
electrostatic precipitator (HS-ESP) applications where the elevated flue gas
temperature limits the Hg capture efficiency of ACI. A 4-day trial conducted
at Duke Energy’s low-sulfur bituminous coal-fired Buck Plant achieved ~70%
total Hg removal with the injection of Sorbent Technologies’ chemically treated
H-PAC™ at 101b MMacf™! [20]. Sorbent Technologies conducted additional
field testing at Midwestern Generation’s PRB-fired Will County Unit 3. A high-
temperature version of the brominated, “concrete-friendly” C-PAC sorbent was
evaluated as fly ash from this unit is marketed for reuse. Using a newly developed
X-a-Lance distributing lance design, 73% Hg removal was achieved during a
parametric trial with C-PAC injection at 5lb MMacf™! [27]. During a 6-day
continuous test, Hg removal ranged from about 60—73% with C-PAC injection
at 51b MMacf!.

Under a separate project, ADA-ES evaluated the impact of adding high-
temperature liquid sorbents to the pre-combusted coal and/or upstream of the
HS-ESP on Hg control at MidAmerican’s PRB-fired Louisa Station Unit 1 [28].
While Alstom’s brominated KNX coal additive promoted Hg® oxidation, the lack
of a downstream FGD at this unit led to no increase in Hg removal.

10.2.9
Remaining Technical Issues

Although the development of chemically treated ACI, oxidation additives, and
catalysts under NETL’s R&D Program has significantly improved the cost and per-
formance of Hg control for coal-based power plants, two primary technical issues
remain — impacts on fly ash and sulfur trioxide interference.

10.2.9.1 Impacts on Fly Ash

The typical ACI system is located upstream of a particulate control device to
enable simultaneous capture of the spent sorbent and fly ash. This Hg control
strategy leads to commingling of the sorbent and fly ash that can prohibit certain
fly ash recycling efforts. In 2009, U.S. power plants generated 63 million tons of
fly ash, with nearly 25 million tons put to beneficial use. One of the highest-value
reuse applications for fly ash is as a substitute for Portland cement in concrete
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Figure 10.4 EPRI's TOXECON™ process configuration.

production [29]. The utilization of fly ash in concrete production is particularly
sensitive to carbon content as well as the surface area of the carbon present in the
fly ash.

NETL’s Hg control technology portfolio included alternative sorbent injection
technologies designed to minimize fly ash carbon contamination caused by ACI
upstream of a particulate control device. The TOXECON configuration, devel-
oped by EPR], is designed not to impact fly ash utilization because the ash is
removed by an ESP upstream of the sorbent injection location, whereas the spent
sorbent is captured by a downstream FF (Figure 10.4). EPRI's TOXECON II tech-
nology injects sorbents directly into the downstream collecting field(s) of an ESP.
Because the majority of fly ash (~90%) is collected in the upstream ESP fields,
only a small portion of the total collected ash contains spent sorbent. During full-
scale TOXECON II testing at Entergy’s PRB-fired Independence Station Unit 1,
DARCO Hg-LH injection at 5.5 b MMacf™! achieved 90% total Hg removal [30].
A remaining concern with any Hg control strategy involving sorbent injection,
particularly the TOXECON II configuration that limits ESP residence time, is the
potential for inefficiencies in the existing particulate control system that could
trigger New Source Review.

Activated carbon passivated during production can potentially allow coal-fired
power generators to continue marketing fly ash commingled with the spent sor-
bent as a suitable replacement for Portland cement in concrete. Sorbent Tech-
nologies conducted a 30-day evaluation of their brominated, “concrete-friendly”
C-PAC sorbent at Midwest Generation’s PRB-fired Crawford Station Unit 7 [31].
Total Hg removal averaged 81% with C-PAC injection upstream of the ESP at
about 4.6 b MMacf™!. A high-temperature version of C-PAC was tested at Mid-
west Generation’s PRB-fired Will County Unit 3 that is equipped with an HS-ESP
[32]. During a 6-day continuous test, Hg removal ranged from about 60—73% with
C-PAC injection at 51b MMacf~!. Most importantly, test results indicated that fly

177



178

10 DOE’s Mercury Control Technology Research, Development, and Demonstration Program

ash collected during C-PAC injection at these sites remained suitable for reuse in
concrete production.

During testing at Lower Colorado River Authority’s PRB-fired Fayette Unit 3,
Alstom evaluated three sorbents (eSorb 11, eSorb 13, and eSorb 18) designed
by Envergex to preserve fly ash quality [33]. Results indicated that fly ash
remains marketable with eSorb 13 at about 0.51b MMacf™! (~85% ACI Hg
capture).

10.2.9.2 Sulfur Trioxide Interference
Field testing showed that SO, in the flue gas, even at low concentrations, can
impede the performance of ACI. It appears that SO; competes with Hg for
adsorption sites on the sorbent surface, thereby limiting its performance [34].
During field testing at American Electric Power’s (AEP’s) high-sulfur (3—4%)
bituminous-fired Conesville Station Unit 6, total Hg removal was limited to ~30%
with chemically treated ACI at 121b MMacf™! [35]. Consequently, a long-term
field test was not conducted at this unit; instead, NETL evaluated the impact of
SO; FGC on ACI performance at AmerenUE’s PRB-fired Labadie Station Unit
2 [36]. As shown in Figure 10.5, turning the SO; FGC system off at Labadie
increased total Hg removal from about 50—-80% with DARCO Hg-LH injection at
81b MMacf~!. Greater than 90% Hg removal was observed with no SO, injection
and DARCO Hg-LH injection upstream of the APH at about 51b MMacf™!. The
performance of brominated B-PAC was also impacted by SO; FGC at Progress
Energy’s Lee Station Unit 1 [37]. With B-PAC injection at 81b MMacf™!, Hg
capture increased from 32% to 82% when SO, FGC was idled.

One possible solution to the SO; issue that was considered was dual injection of
Hg sorbents and alkaline materials. This approach was explored during a field test
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Figure 10.5 Impact of flue gas SO; on ACI performance.
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at Public Service of New Hampshire Company’s Merrimack Station Unit 2 that uti-
lized a cyclone-fired boiler to burn a blend of bituminous coals (~1% sulfur) and is
equipped with an SCR system followed by two ESPs in series [38]. During paramet-
ric testing, several Hg sorbents were evaluated both with and without the injection
of two potential SO5 mitigation additives — magnesium oxide (MgO) and sodium
sesquicarbonate (trona). Results indicated that trona injection enhanced ACI per-
formance to a greater degree than MgO; however, the sodium content of trona
could limit fly ash recycling opportunities. Without SO, mitigation, Hg removal
was limited to about 22% with brominated DARCO Hg-LH injection between
the two ESPs at 8 b MMacf~!. During a continuous injection test completed in
March 2008, 50% Hg removal was achieved with trona injection upstream of the
APH at 5001b h~! and DARCO Hg-LH injection between the two ESPs at about
41b MMacf1.

10.2.10
NETL In-House Development of Novel Control Technologies

In addition to the technologies developed in partnership with private sector
companies, researchers from NETL’s Office of Research and Development
(ORD) also developed and patented technologies for capturing and detecting
mercury from coal-based power systems. In one case, ultraviolet light near
the wavelength of 254 nm was found to oxidize elemental mercury [39]. The
oxidized form of mercury is much more readily removed by the more traditional
capture techniques than elemental mercury. This method was unique not only
because the photochemical technique enhances the capture of mercury, but also
because, as a spinoff, it can be used as the basis for mercury detection. Another
patented technique that had been developed uses a lance or “thief” to extract a
partially combusted coal from the combustion section of a pulverized coal-fired
combustor [40]. This material acts very similarly to that of activated carbon and
will remove mercury when injected into the flue gas ductwork. Not only can
the thief process be used to capture mercury, the carbon-based material itself,
and a few other materials were also found able to catalytically convert elemental
mercury to the oxidized form.

Recognizing the need for a low-cost technique to remove Hg from coal-based
integrated gasification combined cycle (IGCC) power plants, ORD researchers
invented a new palladium (Pd)-based sorbent that works on fuel gas at elevated
temperatures [41]. IGCC plants will be affected by the new mercury regulation.
Although electricity in the United States is primarily a product of combusting
coal, IGCC may be the power generation method in the future if mitigation of
the greenhouse gas carbon dioxide is imposed on the power industry. Unlike con-
ventional sorbents such as activated carbon, which operate at a lower tempera-
ture, high-temperature Pd sorbents remove Hg and arsenic at temperatures above
500 °F, resulting in a major improvement in overall thermal energy efficiency of the
IGCC power process.
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10.2.11
Hg Control Technology Commercial Demonstrations

A key component of the overall success of NETL’s Hg Program was the full-scale
commercial demonstration of Hg control technology under DOFE’s Clean Coal
Power Initiative (CCPI). CCPI was part of DOE’s Major Demonstration Program
directed at accelerating advanced coal technology adoption, thus rapidly moving
promising new concepts to a point where private-sector decisions on deployment
could be made.

In the first project, EPRI's TOXECON was selected for demonstration on a
270-MW slipstream at We Energies’ Presque Isle Power Plant in Marquette,
Michigan. During initial operation in 2006, the TOXECON configuration
maintained >90% total Hg removal for 48 consecutive days. Sorbent injection
rates of about 1.7 and 1.21b MMacf™! were required to achieve at least 90%
total Hg removal with untreated DARCO Hg and brominated DARCO Hg-LH,
respectively [42]. Over a 3-year demonstration period (2006—2009), We Energies
consistently demonstrated more than 90% Hg removal based on monthly averages
while maintaining acceptable baghouse pressure drops of 5—6in. of water and
providing significant opacity improvements. The TOXECON installation at
Presque Isle cost $128 per kilowatt (kW) and increased the cost of electricity by
about 0.3—0.5 cents kWh™! [43].

In the second project, NeuCo, Inc., a developer of power plant control and
optimization technologies, demonstrated the capability to optimize Hg specia-
tion and control Hg emissions from an existing power plant. This demonstration
took place at an 890 MW utility boiler in Jewett, Texas, that was completed in 2010
and is owned by NRG Energy. NeuCo utilized state-of-the-art sensors and neural,
network-based optimization and control technologies to maximize the propor-
tion of Hg?* species in order to increase the rate of co-benefit Hg capture. Artificial
intelligence and simulation technologies were used to control and optimize appro-
priate operational parameters. Critical sensing devices were added to the unit to
monitor inputs and emissions from the plant. Data from these sensors was ana-
lyzed by the neural network to optimize plant operations, while simultaneously
minimizing Hg emissions [44].

10.2.12
Mercury Control Cost Estimates

NETL has conducted in-depth economic analyses for both ACI and wet FGD
enhancement technologies for Hg control, based on the results of its field test-
ing program. The increase in cost resulting from Hg control via ACI is primarily
determined by annual PAC consumption costs that are dependent on the required
AClI rate, delivered PAC price, and the volume of flue gas being treated. Chemical
composition also affects PAC price since manufacturers charge a higher price for
chemically treated PAC to offset the additional production costs required to alter
the sorbent’s molecular structure. The ACI rate required to achieve a given level
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of Hg control can be impacted by a host of plant-specific dynamics, including,
but not limited to, Cl and sulfur contents of the coal being burned, APCD con-
figuration, flue gas temperature, boiler efficiency, UBC content of the fly ash, and
ductwork geometry in proximity to the ACI location.

10.2.12.1 Economic Analyses for ACI

In 2003, NETL prepared an economic assessment of ACI with untreated PAC
based on the results of its Phase I field testing program [45]. The report devel-
oped “study-level” costs for Hg control using ACI at representative 500 MW
bituminous- and subbituminous-fired power plant units equipped with an
existing CS-ESP. Costs were estimated for ACI into an existing CS-ESD, as well as
a TOXECON configuration. The cost estimates were developed for equipment
designed to achieve Hg control at low (50%), mid-range (60—70%), and high
(90%) levels. It is important to note that the costs developed here were based on
the current state of knowledge and understanding of ACI technology at three of
the Phase I field test sites. The incremental cost of Hg control for this analysis,
excluding impact to fly ash sales and disposal practices, was estimated to range
from $33 000/1b Hg removed to $131 000/1b Hg removed for the bituminous-fired
unit, and from ~$18000/lb Hg removed to $55000/lb Hg removed for the
subbituminous-fired unit.

A follow-up NETL economic analysis released in May 2007 indicated that the
high Hg capture efficiency of chemically treated sorbents drastically reduced
the estimated cost of Hg control due to the lower injection rate required to
achieve a given level of control that offsets the higher cost of these treated
sorbents [46]. As shown in Figure 10.6, the 20-year levelized incremental cost
of 90% ACI Hg control ranged from about $30000 to <10000/lb Hg removed
(without considering impacts on CUBs) for seven of NETL'’s field testing sites
where chemically treated ACI was evaluated. The May 2007 report provides
“study-level,” plant-specific cost estimates and gives NETL a gage to measure its
success in achieving the target of reducing the baseline Hg control cost estimate
of $60 000/1b Hg removed by 25—-50%.

10.2.12.2 Economic Analyses for Wet FGD Enhancement

In May 2008, NETL released a report that provided cost estimates for technolo-
gies developed to enhance co-benefit Hg capture for wet FGD systems [47]. The
report provides “study-level” cost estimates for two such technologies: fixed-bed
Hg? oxidation catalysts, and coal treatment with a CaBr, solution. The economics
were developed for an average Hg control level of 73% at “representative” 500 MW
units burning three types of low-rank coal: North Dakota lignite, PRB subbitu-
minous, and a blend of 50% TxL and 50% PRB subbituminous coals. The report
estimated an incremental cost of control <$17 000 per pound of Hg removed ($/1b
Hg removed) using the Hg? oxidation catalysts. Addition of CaBr, solution at an
injection rate of about 5.901b h~! was required to achieve 73% total Hg removal
at the “representative” PRB-fired unit equipped with an SCR, resulting in a cost
of $2200/Ib Hg removed. Without an SCR in-service, a CaBr, injection rate of

181



Incremental cost of control, $/lb Hg removed

182 | 10 DOE’s Mercury Control Technology Research, Development, and Demonstration Program

$60 000

$50 000 -

$40 000 -

$30 000 -

$20 000

$10 000 -

$0 ¢

g

[ ] without byproduct impacts|—| [0 with byproduct impacts H
— s Fo

DOE cost target:
<$45 000/Ib Hg removed

Holcomb  Dave Johnston Leland Olds #1 Meramec St. Clair Stanton #1 Portland

PRB/FF PRB/ESP Lignite/ESP PRB/ESP  PRB/Bitblend/ESP  PRB/ESP BIVESP
DARCO®Hg-LH  Mer-Clean"™8 Mer-Clean'™8  DARCO® Hg-LH B-PAC™ B-PAC™  Mer-Clean™ 8-21

Figure 10.6 Six-year levelized incremental cost of 90% Hg control with chemically treated
ACI.

3221b h~! was required to achieve the same level of control and the levelized costs
rise to $21 200/1b Hg removed.

10.2.13
Coal Utilization Byproducts (CUB) R&D Program

In addition to developing cost-effective control technologies for coal-fired power
plants, NETL’s program also investigated the potential implication of Hg control
on the use and disposal of CUB [48, 49]. CUB are the solid materials resulting from
the combustion of coal and the removal of air pollutants from coal-based flue gas
that include bottom ash, fly ash, boiler slag, and FGD gypsum. U.S. power plants
produced 134.7 million tons of CUB in 2009, with nearly 42% put to beneficial
use in applications such as concrete, flowable fill, road base, snow and ice control,
blasting grit, fertilizer, and wallboard [29]. Put another way, this was 56 million
tons of material that did not have to be landfilled or placed in an impoundment.

The CUB research was directed at better understanding the transfer and ulti-
mate fate of Hg and other trace metals from the flue gas to the power plant’s
solid and liquid effluent streams as a result of implementing Hg control systems.
Although the NETL CUB program was ended in 2008, it was determined that DOE
had successfully achieved its goal of bringing efficient, cost-effective Hg control
technologies to commercial readiness and that further research into the fate of
Hg and other trace metals in fly ash, scrubber solids, and other byproducts should
be carried out by the private sector.

ACI Hg control leads to commingling of the PAC and fly ash that can prohibit
certain fly ash recycling efforts. As part of the economic analyses noted above
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[42, 43], NETL evaluated the 20-year levelized costs of Hg control both with and
without the inclusion of byproduct impacts. The analyses assumed that for units
equipped with a CS-ESP, the utility was able to sell all fly ash collected in the ESP
hoppers for $18/ton prior to ACI. Following installation of an ACI system, it was
assumed that the fly ash could no longer be sold; instead, the utility must pay
$17/ton for non-hazardous fly ash disposal. For an SDA/FF system, it was assumed
that solids that were given away prior to ACI would have to be disposed of at
a price of $17/ton (non-hazardous). Using these assumptions, NETL estimated
that the cost for Hg control, with chemically treated ACI and accounting for the
cost of byproduct disposal, ranged from $52 500/1b Hg removed to $17 900/1b Hg
removed for seven of NETL’s field testing sites, as shown in Figure 10.6.

While CUB were, and still are, regulated as non-hazardous under the Resource
Conservation and Recovery Act, EPA is considering alternative regulatory
approaches for CUB, including a hazardous designation due in part to concerns
over the partitioning of Hg to these materials. Such a designation would sig-
nificantly increase the cost of Hg control because the cost of hazardous waste
disposal can be more than five times more expensive than non-hazardous dis-
posal. Therefore, it was extremely important to evaluate the potential for leaching
and volatilization of Hg and other trace metals from CUB to the environment as
part of the NETL Hg Program.

10.2.14
Determining the Fate of Hg in FGD Byproducts

NETL’s ORD conducted research directed at determining the fate of Hg in FGD
materials [50]. This activity focused on Hg stability during FGD gypsum drying,
Hg stability during wallboard production using FGD gypsum, Hg leachability from
FGD gypsum, and the Hg-binding phase in FGD gypsum. The stability of Hg dur-
ing FGD gypsum drying was studied by collecting samples before and after natural
gas-fired heating that reduces the moisture content of the FGD solids for ease
of handling during the wallboard manufacturing process. Results indicated that
within analytical precision, no Hg desorbed during the drying process.

The stability of Hg in FGD gypsum during wallboard production was also
analyzed by collecting samples of FGD gypsum feedstock and the corresponding
wallboard products from five wallboard manufacturing plants. The Hg present in
the unprocessed FGD gypsum and the finished wallboard product ranged from
0.04 to 1.5 ppm on a dry basis. The quantity of Hg retained in the finished wall-
board product varied, with three samples showing nearly complete Hg retention
during the wallboard manufacturing process. For the other two samples, Hg
losses were 12% and 58%, suggesting that the quantity and thermal stability of Hg
in FGD gypsum and wallboard depends on the origin of the gypsum and/or the
nature of processing.

Research was also performed using FGD slurry samples in an attempt to isolate
the Hg-binding phase from bulk gypsum. During settling, Hg partitioned almost
exclusively to the top, slower-settling layer of the FGD slurry. Analysis of this
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residue revealed that both Hg and iron (Fe) were enriched in the top layer by fac-
tors of about 20 and 10, respectively. Meanwhile, Hg was not mobilized during
FGD slurry leaching experiments using a continuous, stirred-tank extractor. This
is indicative of a strong chemisorption rather than physical adsorption of Hg. As
a result, it is believed that Hg sequestered in FGD gypsum is primarily bound
to an iron-rich phase, such as iron-coated clay materials or iron oxide/hydroxide
particles, probably introduced with the limestone used as the FGD reagent. Addi-
tional research [51] also showed that some Hg retained in FGD gypsum requires
hydrogen peroxide oxidation for release, such as a phase containing sulfides or
carbonaceous materials.

Leach testing was also used to evaluate the impacts of pH and oxidation—
reduction potential (ORP) on Hg mobility in FGD byproducts. Leaching of six
FGD materials to pH > 2 under aerobic conditions failed to mobilize appreciable
amounts of Hg. While no Hg was released to the leachate during experiments
with pH >4 and ORP > 100 mV, dissolution of the major immobilized form of
Hg was complete with pH <1 and an ORP of ~350mV. Consequently, ORD
researchers concluded that the Hg-retaining phase will immobilize Hg in many
reuse applications, with one possible exception being placement in mine-land
reclamation areas where the FGD byproducts could be exposed to acidic,
anaerobic conditions.

As part of NETL’s CUB research, the Tennessee Valley Authority (TVA) eval-
uated Hg retention in FGD gypsum from three sources: an Hg-amended com-
mercial calcium sulfate, a laboratory-scale wet FGD system, and a full-scale wet
FGD system [52]. TVA researchers concluded that no Hg would evolve from dis-
posed FGD byproducts up to a maximum temperature of 140 °F, although thermal
desorption of Hg from FGD gypsum did occur at ~400 °F.

USG Corporation provided data on the extent and location of Hg loss during
the wallboard production process, and also provided information on the poten-
tial for Hg leaching at the end of the wallboard life cycle, when it is disposed in
municipal landfills [53]. FGD gypsum evaluation tests from six different power
plant/FGD feedstock variations were completed to investigate the impact of dif-
ferent configurations on the stability of Hg during wallboard production. Test-
ing included the use of FGD gypsum produced during TMT-15 injection into a
power plant scrubber. Test results indicated that use of fines blowdown in wet
FGD systems significantly reduced Hg content in the FGD gypsum. For FGD gyp-
sum generated without fines blowdown, Hg loss amounted to <8%, while tests
using FGD gypsum from power plants employing fines blowdown indicated Hg
loss of 46—55%.

10.2.15
Determining the Fate of Hg in Fly Ash

NETL awarded a contract to Frontier Geosciences, Inc. (Frontier) to conduct inde-
pendent laboratory analysis of CUB generated during NETL’s Phase II full-scale
Hg control technology field testing program [54]. The purpose of the independent
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laboratory analysis was to ensure accurate and consistent laboratory procedures
were used to determine the environmental fate of Hg in CUB. NETL’s ORD also
conducted in-house leaching experiments with fly ash collected from ACI field
testing sites.

The Frontier work included leaching studies using the Synthetic Precipita-
tion Leaching Procedure (SPLP, EPA Method 1312); low-temperature (40°C
for 30days), medium-temperature (190°C for 1h), and high-temperature
(900-1200 °C for 5 min) Hg volatility tests; microbial methylation experiments;
and halide analysis. The SPLP results indicated that little to no Hg would be
released under normal disposal conditions. In addition, Hg bound to PAC
sorbents, particularly those that were chemically treated, appeared to be more
stable than the UBC-bound Hg. During the low-temperature volatility tests,
essentially no Hg was emitted from the fly ash samples. Thermal desorption
of Hg was observed during the medium- and high-temperature volatility tests
conducted by Frontier.

A pure culture of sulfate-reducing bacteria known to methylate Hg or produce
methyl-mercury, was monitored over a 30-day period to assess the methylation
potential of Hg present in CUB. Results from this “worst-case-scenario” microbial
mobilization study indicated an increase in methyl-mercury production. How-
ever, microbial activity also stabilized a number of target metals.

NETL’s ORD researchers also conducted leaching experiments on the Phase II
byproducts using the modified SPLP, the NETL Serial Batch Leaching Procedure
(SBLP), and NETL Column Leaching on a select number of sample pairs. During
a 5-month continuous column experiment using four leachants, water (pH =5.7),
dilute sulfuric acid (pH = 1.2), dilute acetic acid (pH =2.9), and sodium carbonate
(pH=11.1) [55], the PAC/ash mixtures were generally found to effectively immo-
bilize the captured Hg over a range of laboratory conditions. Overall, very little
of the Hg (always below 0.5% and often under 0.1%) contained in the ash samples
was solubilized during leaching. Neither the pH nor the nature of the anion had a
noticeable effect on the leachate Hg.

Not only have the Hg control technologies demonstrated capture of Hg that
would otherwise be released into the environment, but the Hg has generally been
shown to be retained in the control technology byproducts under conditions of
laboratory leaching tests. For some of these materials, the tests performed show
these control technology byproducts, in spite of their higher Hg content, to be
environmentally more stable with respect to Hg release than the corresponding
baseline ashes of lower Hg content [56].

10.3
Summary

Working closely with key stakeholders, NETL’s Hg RD&D program successfully
brought Hg control technology from what was a concept in the early 1990s to a
commercial product by 2008. As of June 2010, nearly 150 full-scale ACI systems,
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a signature technology of the NETL Hg R&D Program, have been ordered by U.S.
coal-fired power generators [57]. These contracts represent more than 56 GW of
coal-fired electric generating capacity. This includes ~43 GW of existing capacity
(almost 15% of total U.S. coal-fired capacity) that will be retrofit with ACI systems
to control Hg emissions. EPA projects that 146 GW of ACI will be installed on U.S.
power plants by 2015 in order to comply with proposed Federal Hg regulations [1].

The ACI systems have the potential to remove up to 90% or more of the Hg
in many, but not all, applications based on results from NETL’s field testing pro-
gram, at a cost estimated to be as low as $10 000/1b Hg removed in some situations.
However, although the results achieved during NETL'’s field tests met or exceeded
the program goals, only through experience gained during long-term continuous
operation of these advanced technologies in a range of full-scale commercial appli-
cations will their actual costs and performance be determined.

Disclaimer

Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any informa-
tion, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference therein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or other-
wise does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those
of the United States Government or any agency thereof.
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11
U.S. EPA Research Program

Nick Hutson

11.1
Introduction

The U.S. Environmental Protection Agency (EPA) has maintained a broad
research program examining the emissions and control of hazardous air pol-
lutants (HAPs), including mercury, from stationary sources. The EPA has also
maintained research programs studying the fate and transport of mercury and
the resulting impacts, including health impacts, on the environment. There is
considerable documentation of the studies of the fate and transport and the
resulting effects of mercury on the environment. This section focuses exclusively
on the EPA research program dealing with emissions of mercury from coal com-
bustion. This work includes studies that were mandated by Congress to evaluate
the emissions and hazards of mercury emissions from fossil-fuel-fired electricity
generating units. It also includes fundamental work focused on development
and evaluation of control technologies for mercury control. The EPA has also
conducted considerable and significant work on the fate of mercury and other
toxic metals in coal combustion residuals (CCRs) and other process effluents.
That work is summarized in full in another section. The EPA has also played a
leading role in the development and testing of technologies and techniques for
continuous measurement and monitoring of mercury emissions in the very low
concentrations (parts per trillion) and in the harsh environments that are seen
in typical coal combustion flue gas streams. That work is also summarized in
another section and is thus not covered here.

11.2
Congressionally Mandated Studies

In the 1990 Clean Air Act (CAA) amendments, Congress established a specific
structure for determining whether to regulate HAP emissions from electric gen-
erating units (EGUs). Congress required that various reports concerning HAP
emissions from EGUs be completed.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The first report, the Utility Study, required the EPA to evaluate the hazards to
public health reasonably anticipated to occur as the result of HAP emissions from
EGUs after imposition of the requirements of the CAA. The EPA issued the Utility
Study, which included numerous analyses, in February 1998. The EPA first col-
lected HAP emissions test data from 52 EGUs, including a range of coal-, oil-, and
natural-gas-fired units. The test data along with facility specific information were
used to estimate HAP emissions from all 684 utility facilities. The EPA determined
that 67 HAPs were potentially emitted from fossil-fuel-fired EGUs.

The EPA evaluated exposures, hazards, and risks due to HAP emissions from
coal-, oil-, and natural-gas-fired EGUs. The EPA conducted a screening-level
assessment of all 67 of the potentially emitted HAPs to prioritize the pollutants
for further analysis. A total of 14 were identified as priority HAPs that would
be further assessed. Twelve HAPs (arsenic (As), beryllium (Be), cadmium (Cd),
chromium (Cr), manganese (Mn), nickel (Ni), hydrochloric acid (HCI), hydroflu-
oric acid (HF), acrolein, dioxins, formaldehyde, and radionuclides) were identified
as priority pollutants for further assessment based on inhalation exposure and
risk. Six HAPs (Hg, radionuclides, As, Cd, Pb, and dioxins) were considered a
priority for multipathway assessment of exposure and risk. On the basis of the
multipathway assessments, the EPA determined that Hg from coal-fired EGUs
was the HAP of greatest potential concern.

The second report directed the EPA to “conduct a study of mercury emissions
from EGUs, municipal waste combustion units, and other sources, including area
sources.” This is referred to as the Mercury Study. In conducting the Mercury
Study, Congress directed the EPA to “consider the rate and mass of emissions, the
health and environmental effects of such emissions, technologies which are avail-
able to control such emissions, and the costs of such technologies.” The EPA issued
the Mercury Study in December 1997. The Mercury Study assessed the magnitude
of U.S. Hg emissions by source, the health and environmental implications of those
emissions, and the availability and cost of control technologies.

The last required report was to be completed by the National Institute of
Environmental Health Sciences (NIEHS). Congress directed NIEHS to conduct
“a study to determine the threshold level of Hg exposure below which adverse
human health effects are not expected to occur.” In conducting this study, NIEHS
was to determine “a threshold for mercury concentrations in the tissue of fish
which may be consumed (including consumption by sensitive populations)
without adverse effects to public health.” In addition, Congress, in the conference
report language associated with EPA’s fiscal year 1999 appropriations, directed
the EPA to fund the National Academy of Sciences (NAS) to perform an inde-
pendent evaluation of the available data related to the health impacts of methyl
mercury (MeHg). Specifically, NAS was tasked with advising the EPA as to the
appropriate reference dose (RfD) for MeHg, which is the amount of a chemical
which, when ingested daily over a lifetime, is anticipated to be without adverse
health effects to humans, including sensitive subpopulations.

The EPA completed the Mercury Study and the Utility Study by 1998. The
NIEHS study was completed in 1995, and the NAS study was completed in 2000.
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In December 2000, after considering public input, the results of the required
studies described and other relevant information, including Hg emission data
from EGUs, EPA determined that it was appropriate and necessary to regulate
EGUs under CAA Section 11.2.

11.3
Control Technology from Work on Municipal Waste Combustors (MWCs)

There has been significant public and scientific concern over the risks of air
pollution emissions from municipal waste combustors (MW Cs). Historically, the
primary pollutants of concern have been dioxins/furans (e.g., polychlorinated
dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)), and
mercury (Hg). The potential emissions of each of these toxic pollutants can
vary considerably depending on the composition of the waste and the control
technologies used. The EPA conducted work in the mid-1990s to examine the
effectiveness of typical air pollution control (APC) technologies for mitigation of
emissions of PCDDs/PCDFs and Hg from MW C [1]. Much of this knowledge was
later applied to the initial development and testing of similar controls for mercury
emissions from coal-fired electricity generating units. EPA researchers noted that
powdered activated carbon (PAC) can be injected into MWC flue gas to reduce
Hg emissions from SD/FF (spray dryer/fabric filter) and SD/ESP (electrostatic
precipitator) systems and that it can also be used to improve PCDD/PCDF cap-
ture in these systems. The researchers also identified fundamental Hg properties
that affect capture in flue gas cleaning equipment.

EPA researchers also conducted bench-scale experiments under conditions
simulating MWCs and coal-fired units to study Hg capture by dry sorbents,
including PAC [2]. The focus of the work was specifically to evaluate the effects
of reaction temperature on the capture of different Hg species (Hg® and Hg?*) by
various types of dry sorbents.

Ghorishi et al. [3] followed with tests designed to better understand the trans-
formation of mercury species (elemental and oxidized forms) in stationary waste
combustion sources. Elemental mercury (Hg®) poses a challenging flue gas control
issue, and oxidized forms of mercury (Hg?*) are of concern because of the poten-
tial for local deposition. Gas-phase studies indicated that homogeneous oxidation
of Hg® in the presence of hydrogen chloride (HClI) is slow, proceeding at measur-
able rates only at temperatures >700 °C and with HCI concentrations of 100 ppm
or more. The effect of fly ash composition on heterogeneous Hg® oxidation was
investigated using a fixed-bed reactor containing different synthetic model fly ash
components such as alumina (Al,O,), silica (SiO,), ferric oxide (Fe,O;), copper
oxide (CuO), and calcium oxide (CaO). The transition metal oxides, CuO and
Fe,O,, exhibited significant catalytic activity in the surface-mediated oxidation of
HgP in the presence of HCI. This was suggested to be possibly caused by the Dea-
con process in which chlorine gas (Cl,) is produced via catalytic oxidation of HCI
over these two oxides. The researchers also studied the effect of the sulfur dioxide
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to HCl ratio (SO, : HCI) on Hg® oxidation. The addition of SO, to the moist flue gas
at high SO, : HCl ratios (from 10:1 to 4: 1) caused a notable decrease in oxidation
of Hg®. This was attributed to a scavenging effect of SO, and H,O on Cl,. Addition
of CaO to the synthetic fly ashes also caused a drop in Hg® oxidation — likely due
to the neutralization of HCI by reaction with CaO.

11.4
Mercury Chemistry, Adsorption, and Sorbent Development

Most of the larger scale mercury control demonstration projects have been
sponsored or cosponsored by the Department of Energy (DOE), by the Electric
Power Research Institute (EPRI), and by the electric utilities. By contrast, the EPA
focused its research efforts on smaller scale experimental work with the goal of
better understanding the fundamental aspects of mercury control.

Much of the early work originated from results obtained from studies aimed
at controlling organic emissions and mercury from MWCs (as just described).
Other work looked at sorbent injection technology to reduce emissions of
trace air toxic metals (including Hg) from coal combustion facilities. Gullett
and Raghunathan [4] conducted pilot-scale tests of high-temperature furnace
injection using hydrated lime, limestone, kaolinite, and bauxite sorbents. They
found that the impact of sorbent injection on trace metal emissions is a function
of metal type, sorbent type, and injection mode. Reductions in submicron
concentrations of antimony, arsenic, mercury, and selenium were observed when
hydrated lime and limestone were injected.

Krishnan et al. [5] studied the mechanisms and rate of elemental mercury
(Hg) capture by activated carbons using a bench-scale apparatus. Three types
of activated carbons were chosen to study the effects of surface area, sorption
temperature (from room temperature to 140 °C), and varying Hg® concentration.
The results suggested the sorption mechanism to be a combination of physisorp-
tion and chemisorption at lower temperature and primarily via chemisorption at
140°C.

Additional bench-scale experiments were conducted in a flow reactor to simu-
late entrained-flow capture of elemental mercury (Hg®) by activated carbon [6, 7].
Mercury adsorption by several commercial activated carbons was examined at dif-
ferent carbon-to-Hg mass ratios, particle sizes, Hg® concentrations, and tempera-
tures (from room temperature to 250 °C). Increasing the carbon-to-Hg mass ratio
increased mercury removal in some cases and capture increased with a decrease
in the particle size of the sorbent.

Efforts were made to use detailed chemical models to better understand and
explain mercury reaction and control mechanisms in a coal combustion flue gas
environment. Mercury speciation in combustion-generated flue gas was modeled
using a detailed chemical mechanism consisting of 60 reactions and 21 species
[8]. The model confirmed a strong sensitivity to reaction temperature. Starting
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with pure HC], at higher reactor temperatures (more than 630 °C), model pre-
dictions were in good agreement with experimental data. But, at lower reactor
temperatures, the model tended to underpredict Hg chlorination compared with
experimental data, indicating that Hg oxidation at lower temperatures is domi-
nated by heterogeneous mechanisms.

EPA researchers also conducted considerable bench-scale work to understand
binding mechanisms of mercury on activated carbon sorbents. Li et al. [9] con-
ducted experiments to examine the effect of surface moisture on low-temperature
Hg adsorption on activated carbons. A bituminous coal-based activated carbon
and an activated carbon fiber were tested for Hg adsorption capacity. Tests
showed that Hg® adsorption decreased considerably when the sorbent moisture
was removed by heating at 110 °C before the adsorption experiments. These
observations suggested that moisture contained in activated carbons may play an
important role in retaining Hg® under these conditions. This effect of moisture
on Hg adsorption was observed for both carbon sorbents, despite extreme
differences in their ash contents. Temperature programmed desorption (TPD)
experiments performed on the two mercury-containing carbons indicated that
chemisorption of Hg is the predominant process over physisorption for the
moisture-containing samples. The nature of the mercury binding on the carbon
surface was examined by X-ray absorption fine structure (XAFES) spectroscopy.
XAFS results provided evidence that mercury binding on the carbon surface was
associated with oxygen. The results of the study suggested that surface oxygen
complexes provide the active sites for mercury binding. The adsorbed H,O is
closely associated with surface oxygen complexes and the removal of the H,O
from the carbon surface by low-temperature heat treatment reduces the number
of active sites that can chemically bind Hg® or eliminates the reactive surface
conditions that favor Hg® adsorption.

Li et al. [10] studied the effect of varying physical and chemical properties of
activated carbons on adsorption of elemental mercury (Hg’) by treating two acti-
vated carbons to modify their surface functional groups and pore structures. Heat
treatment (to 927 °C) in nitrogen (N,), air oxidation (at 420 °C), and nitric acid
treatment (6 N HNO,) of two activated carbons were conducted to vary their sur-
face oxygen functional groups. Adsorption experiments of Hg® by the activated
carbons were conducted using a fixed-bed reactor at a temperature of 125 °C and
under a N, atmosphere. The pore structures of the samples were characterized
by N, and carbon dioxide (CO,) adsorption. TPD and acid - base titration exper-
iments were conducted to determine the chemical characteristics of the carbon
samples. Characterization of the physical and chemical properties of activated
carbons in relation to their Hg® adsorption capacity can provide important mech-
anistic information on Hg? adsorption. The results suggested that oxygen surface
complexes, possibly lactone and carbonyl groups, are the active sites for Hg® cap-
ture. The carbons having a lower carbon monoxide (CO)/CO, ratio and a low
phenol group concentration tended to have a higher Hg® adsorption capacity, sug-
gesting that phenol groups may inhibit Hg? adsorption. The high Hg® adsorption
capacity of one carbon sample was also found to be associated with a low ratio of
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the phenol/carbonyl groups. The EPA concluded that a possible Hg® adsorption
mechanism may involve an electron-transfer process in which the carbon surfaces
act as an electrode for Hg? oxidation.

11.4.1
Halogenated Activated Carbon Sorbents

Ghorishi et al. [11] conducted studies in an effort to discern the role of an
activated carbon’s surface functional groups on the adsorption of Hg® vapor and
gaseous mercuric chloride (HgCl,). The results demonstrated that chlorine (CI)
impregnation of a virgin activated carbon using dilute solutions of HCI leads
to increased (by a factor of 2-3) fixed-bed capture of these mercury species.
A commercially available activated carbon was Cl impregnated and tested for
entrained flow, short-time-scale capture of Hg®. In the entrained-flow reactor,
the chlorine-impregnated powdered activated carbon (Cl-PAC) was introduced
in Hg%-laden synthetic flue gases (containing 86 ppb of Hg®) of varying com-
positions with gas/solid contact times of about 3—4s. The results indicated
significant Hg® removal (80—-90%), compared to virgin activated carbon (10-15%
Hg removal). These levels of Hg® removal were observed across a wide range of
very low carbon-to-Hg weight ratios. Variation of the natural gas combustion
flue gas composition, by doping with nitrogen oxides and sulfur dioxide, and
the flow reactor temperature (ranging from 100 to 200 °C) had minimal effect
on Hg’ removal by the CI-PAC in the studied carbon-to-Hg weight ratios. The
results demonstrated significant enhancement of activated carbon reactivity with
minimal halogen treatment.

Brominated powdered activated carbon (Br-PAC) sorbents have been shown to
be quite effective for Hg capture when injected into the flue gas duct at coal-fired
power plants and are especially useful when burning western subbituminous and
other low-chlorine coals. Hutson et al. [12] used X-ray absorption spectroscopy
(XAS) and X-ray photoelectron spectroscopy (XPS) to determine information
about the speciation and binding of Hg on two commercially available bromi-
nated activated carbons. The results were compared with similar analysis of a
conventional (nonhalogenated) and chlorinated activated carbon. Both the XAS
and XPS results indicated that the Hg, although introduced as elemental vapor,
was consistently bound on the carbon in an oxidized form. The conventional and
chlorinated activated carbons appeared to contain mercury bound to chlorinated
sites and possibly to sulfate species that have been incorporated onto the carbon
from adsorbed SO,. The Hg-containing brominated sorbents appeared to contain
Hg bound primarily at bromination sites. The researchers concluded that the
mechanism of capture for the sorbents likely consists of surface-enhanced
oxidation of the Hg? vapor via interaction with surface-bound halide species with
subsequent binding by surface halide or sulfate species.

With the use of halogenated PACs, concerns were raised about the potential
for these PACs to assist in the formation and emission of brominated and/or
chlorinated dioxins and furans. To evaluate this, Hutson et al. [13] conducted
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sampling campaigns at two U.S. DOE demonstration sites where Br-PAC was
being injected for control of mercury emissions. The results of the studies
showed that injection of the Br-PAC upstream of the ESP did not increase the
emissions of total and Toxic EQuivalent (TEQ) chlorinated and brominated
dioxin compounds. Rather, the data suggested that the sorbent may capture these
compounds and reduce their concentration in the flue gas stream. This effect,
when seen, was small, and independent of the type of plant emission controls,
temperature at the point of injection, or fuel-chlorine content. The addition of
the brominated-PAC sorbent resulted in slight increases in the total content of
chlorinated dioxins and furan in the particulate matter (ash) collected in the ESP,
but did not increase its overall toxicity.

11.4.2
Non-Carbonaceous Sorbents

Efforts to develop multipollutant control strategies have demonstrated that adding
certain oxidants to different classes of Ca-based sorbents leads to a significant
improvement in elemental Hg vapor (Hg?), SO,, and NO, removal from simu-
lated flue gases. Ghorishi et al. [14] studied the multipollutant capacity of two
classes of Ca-based sorbents (hydrated limes and silicate compounds). A num-
ber of oxidizing additives at different concentrations were used in the Ca-based
sorbent production process. The Hg?, SO,, and NO, capture capacities of the
oxidant-enriched sorbents were evaluated and compared to those of a commer-
cially available activated carbon in bench-scale fixed- and fluidized-bed experi-
mental systems. Calcium-based sorbents prepared with two unspecified oxidants
exhibited Hg? sorption capacities (—100 pgg~') comparable to that of the acti-
vated carbon; and they showed far superior SO, and NO, sorption capacities.

Meyer et al. [15] studied the use of copper-doped Fe nanoaggregates silanized
with organic sulfur as bis-(triethoxy silyl propyl)tetrasulfide for the capture of Hg?
vapor for potential power plant applications. Silanization procedures resulted in
70% deposition of the targeted sulfur level, with particles containing ~4 wt% S.
The addition of copper was found to increase the fixed-bed (total) capacity of the
sorbent from 170 + 20 pg Hg/g-sorbent with no copper doping to 2730+ 80 pug
Hg/g-sorbent at 1.2 wt% Cu loading. When no S was deposited, the capacity of
Fe/Cu nanoaggregates was only 180 pg Hg/g-sorbent. The findings suggested
that a combined Cu-S mechanism is responsible for Hg capture using these
sorbents. Moving-bed (injection) testing of the Fe-based sorbents in a simulated
flue gas stream showed that the 1.2 wt% Cu sample was able to achieve significant
removal of Hg.

Meyer et al. [16] conducted additional work to examine the use of Cu-S sites
for Hg capture from the gas phase for a silica-based platform using an S4 organic
polysulfane and copper sulfate. The maximum fixed-bed equilibrium capacity
achieved when using these materials was for a sorbent material with 2.5 wt% Cu
and 6wt% S. When compared to two other platforms, commercially available
brominated-PAC and the previously tested Fe—Cu—S4 nanoaggregates, the Si-1
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material performed the best in fixed-bed testing. During entrained-flow testing,
the performance of Si-1 was only diminished 10% when exposed to 20 ppm SOs,
an encouraging result for flue gas applications where SO, levels range from 1 to
40 ppm.

Hutson and Attwood [17] studied Hg capture using adsorbent material derived
from the bauxite residue (red mud) from two North American aluminum refiner-
ies. The red mud, a seawater-neutralized red mud, and an acid-treated red mud
were evaluated for their mercury adsorption capacity and compared with other,
more conventional sorbent materials. Two different seawater-neutralized red mud
samples were treated with HCl and HBr in an effort to increase the mercury sorp-
tion capacity. In all cases, the acid treatment resulted in a significant increase in
the total surface area and an increase in the total pore volume. The fixed-bed mer-
cury capture experimental results showed that the HBr activation treatment was
effective in increasing the mercury capture performance of both sorbent samples.
The HCI treatment, however, had no effect on the mercury capture performance;
and entrained-flow experiments revealed that the bromine-containing red mud
sorbent was much less effective for in-flight mercury capture.

11.4.3
Mercury Control in a Wet-FGD Scrubber

Experimental data from a laboratory-scale wet scrubber simulator confirmed that
oxidized mercury, Hg?*, can be reduced by aqueous S(IV) (sulfite and/or bisulfite)
species and result in elemental mercury (Hg®) emissions under typical wet flue gas
desulfurization (FGD) scrubber conditions [18]. The S(IV)-induced Hg?* reduc-
tion and Hg? emission mechanism was described by a model which assumed that
only a fraction of the Hg>* can be reduced, and that the rate-controlling step of the
overall process is a first-order reaction involving the Hg—S(IV) complexes. Exper-
imental data and model simulations predicted that Hg?" in the flue gas can cause
a rapid increase of Hg® concentration in the flue gas across a wet-FGD scrub-
ber. The researchers also noted that forced oxidation enhanced Hg?* reduction
and Hg® emission by decreasing the S(IV) concentration in the scrubbing liquor.
The model predictions also indicated that flue gas Hg® increases across a wet-FGD
scrubber can be reduced by decreasing the pH, increasing the S(IV) concentration
in the scrubber liquor, and lowering the temperature.

Chang and Zhao [19] discussed additional observations of elemental mercury
(Hg) reemissions from a pilot-scale limestone wet scrubber. In those studies,
simulated flue gas was generated by burning natural gas in a down-fired furnace
and doped with 2000 ppm of SO,. A solution of mercuric chloride (HgCl,) was
delivered to the scrubber at a controlled rate to simulate the absorption of ion-
ized mercury (Hg?*). The testing results indicated that, after Hg?* was injected,
elevated Hg concentrations were soon detected both in the flue gas exiting the
scrubber and in the hold tank air, indicating the occurrence of Hg? reemissions
in both places. When the HgCl, feed was stopped, the Hg? reemission continued
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for more than 2 h. In addition, a significant Hg reemission was also detected out-
side the scrubber loop. In an attempt to understand the Hg® reemission increase
across the wet scrubber system under transient and steady-state conditions and to
understand the underlying relationship with the mercury complexes retained in
the wet scrubber system, a mercury reemission model was developed. With this
model, the researchers determined that the Hg? reemission rate under the current
testing conditions could be simulated by a first-order reaction, and only a portion
of Hg—S(IV) complexes retained in the slurry were participating in the reemission
reaction.

Hutson et al. [20] and Krzyzynska et al. [21, 22] conducted a series of bench-
and pilot-scale studies to examine the simultaneous control of SO,, NO,, and mer-
cury (both Hg® and Hg?*) from a coal combustion flue gas in a multipollutant wet
scrubber. The multipollutant capacity of a calcium-carbonate-based wet scrubber
was enhanced with the addition of the oxidizing salt, sodium chlorite. The initial
bench-scale results showed a maximum scrubbing of 100% for SO, and Hg species
and near complete NO oxidation with about 60% scrubbing of the resulting NO,
species. The chlorite additive was less effective as an oxidant in the absence of SO,
and NO in the flue gas. Oxidation of NO and mercury were only about 50% and
80%, respectively, when no SO, was present in the simulated flue gas. The mercury
oxidation was similarly affected by the absence of NO in the flue gas.

Parametric studies investigating the effects of flue gas components, tempera-
ture, and oxidant addition rate were completed with the bench- and pilot-scale
experimental facilities. Various process configurations were examined to optimize
the addition of sodium chlorite. Additional studies by Krzyzynska and Hutson [23]
showed that the location of the sodium chlorite application (before, in, or after the
wet scrubber) greatly influences which pollutants are removed and the amount
removed. This effect is related to the chemical conditions (pH, absence/presence
of particular gases) that are present at different positions throughout the flue gas
cleaning system profile. The results indicated that there is a potential to achieve
very high SO,, NO,, and Hg removals from the flue gas when sodium chlorite was
applied before the wet limestone scrubber. However, applying the oxidizer after
the wet limestone scrubber was the most effective configuration for Hg and NO,
control for extremely low chlorite concentrations (below 0.002 M) and therefore
appears to be the best configuration for Hg control or as an additional step for
NO, polishing (after other NO, control technologies).

Krzyzynska and Hutson [24] further examined the role of slurry pH on the
multipollutant capacity of the oxidant-enhanced wet scrubber. The results
showed that the slurry strongly influenced the chemical mechanism in the
scrubber and, therefore, affected pollutant removal. Different NO, removal
efficiencies and mechanisms were found in acidic and alkaline slurry in the
multipollutant scrubber. The acidic solution was favorable for NO and Hg°
oxidation, while increasing the slurry pH above 7.0 was disadvantageous for NO
and Hg oxidation/removal.
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1144
Effect of SCR on Mercury Oxidation/Capture

Selective catalytic reduction (SCR) technology is increasingly being applied for
controlling emissions of nitrogen oxides (NO,) from coal-fired boilers. Field and
pilot studies suggested that the operation of SCR could affect the chemical form of
mercury in coal combustion flue gases. The speciation of Hg is an important factor
influencing the control and environmental fate of Hg emissions from coal combus-
tion. The vanadium and titanium oxides, used commonly in the vanadia—titania
SCR catalyst for catalytic NO, reduction, promote the formation of oxidized mer-
cury (Hg?").

Lee et al. [25] conducted bench-scale experiments to investigate Hg? oxidation
in the presence of simulated coal combustion flue gases and under SCR reaction
conditions. Flue gas mixtures with different concentrations of hydrogen chloride
(HCI) and sulfur dioxide (SO,) for simulating the combustion of bituminous coals
and subbituminous coals were tested. The tests showed that HCl is the most crit-
ical flue gas component contributing to conversion of Hg® to Hg?* under SCR
reaction conditions.

Lee et al. [26] followed the bench-scale work with pilot-scale studies to inves-
tigate the effect of SCR catalyst on mercury (Hg) speciation in bituminous and
subbituminous coal combustion flue gases. Three different Illinois Basin bitumi-
nous coals (from high to low sulfur and chlorine) and one Powder River Basin
(PRB) subbituminous coal with very low sulfur and very low Cl were tested in
a pilot-scale combustor equipped with an SCR reactor for controlling nitrogen
oxide (NO,) emissions. The SCR catalyst induced high oxidation of Hg’, decreas-
ing the percentage of Hg’ at the outlet of the SCR to values <12% for the three
Mlinois coal tests. The PRB coal test indicated a low oxidation of Hg® by the SCR
catalyst, with the percentage of Hg decreasing from similar to 96% at the inlet
of the reactor to similar to 80% at the outlet. The low Cl content of the PRB coal
and corresponding low level of available flue gas Cl species were believed to be
responsible for low SCR Hg oxidation for this coal type. The test results indicated
a strong effect of coal type on the extent of Hg oxidation.

Additional studies were conducted in a bench-scale reactor consisting of a
natural gas burner and an electrically heated reactor housing an SCR catalyst
that was constructed for studying elemental mercury (Hg) oxidation under
SCR conditions [27]. A subbituminous coal combustion fly ash was injected
into the entrained-flow reactor along with SO,, nitrogen oxides, HCI, and trace
HgP. Concentrations of Hg® and total mercury upstream and downstream of
the SCR catalyst were measured using an online Hg monitor. The effects of
HCI concentration, SCR operating temperature, catalyst space velocity, and feed
rate of PRB fly ash on Hg? oxidation were evaluated. It was observed that HCI
provides the source of chlorine for Hg® oxidation under simulated PRB coal-firing
conditions. The decrease in Hg mass balance closure across the catalyst with
decreasing HCI concentration suggests that transient Hg capture on the SCR
catalyst occurred during the short test exposure periods and that the outlet
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speciation observed may not be representative of steady-state operation at longer
exposure times. Increasing the space velocity and operating temperature of the
SCR led to less oxidized mercury. Introduction of PRB coal fly ash resulted in
slightly decreased outlet oxidized mercury as a percentage of total inlet Hg and
correspondingly resulted in an incremental increase in Hg capture. The injection
of ammonia (NH;) for NO, reduction was found to have a strong effect to
decrease Hg oxidation. The observations suggest that Hg® oxidation may occur
near the exit region of commercial SCR reactors. Passage of flue gas through SCR
systems without NH; injection, such as during the low-ozone season, may also
impact Hg speciation and capture in the flue gas.

11.5
Coal Combustion Residues and By-Products

Flue gas from coal combustion contains significant amounts of volatile toxic trace
elements such as arsenic (As), selenium (Se), and mercury (Hg). The capture of
these elements in the FGD scrubber unit has resulted in generation of a metal-
laden residue. With increasing reuse of the FGD residues in beneficial applica-
tions, it is important to determine metal speciation and mobility to understand
the environmental impact of its reuse. Al-Abed et al. [28] reported the solid-
phase speciation of As, Se, and Hg in FGD residues using XAS, X-ray fluorescence
spectroscopy (XRF), and sequential chemical extraction (SCE) techniques. The
SCE results combined with XRF data indicated a strong possibility of As associa-
tion with iron oxides, whereas Se was distributed among all geochemical phases.
The Hg appeared to be mainly distributed in the strong-complexed phase. XRF
images also suggested a strong association of Hg with Fe oxide materials within
FGD residues. XAS analysis indicated that As existed in its oxidized state (As(V)),
whereas Se and Hg were observed in primarily reduced states as selenite (Se(IV))
and Hg(I), respectively. The results from the SCE and variable pH leaching tests
indicated that the labile fractions of As, Se, and Hg were fairly low and thus sugges-
tive of their stability in the FGD residues. However, the presence of a fine fraction
enriched in metal content in the FGD residue suggested that size fractionation is
important in assessing the environmental risks associated with their reuse.
Changes in emissions control at U.S. coal-fired power plants will shift metal
content from the flue gas to the APC residues. To determine the potential fate
of metals that are captured through use of enhanced APC practices, the leach-
ing behavior of 73 APC residues was characterized following the approach of
the Leaching Environmental Assessment Framework [29]. Materials were tested
over pH conditions and liquid solid ratios expected during management via land
disposal or beneficial use. Leachate concentrations for most metals were highly
variable over a range of coal rank, facility configurations, and APC residue types.
Liquid -solid partitioning (equilibrium) as a function of pH showed significantly
different leaching behavior for similar residue types and facility configurations.
Within a facility, the leaching behavior of blended residues was shown to follow
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one of four characteristic patterns. Variability in metal leaching was greater than
the variability in total concentrations by several orders of magnitude, inferring that
total content is not predictive of leaching behavior. The complex leaching behav-
ior and lack of correlation to total contents indicates that release evaluation under
likely field conditions is a better descriptor of environmental performance than
total content or linear partitioning approaches.

11.6
EPA SBIR Program

With support from EPA’s Small Business Innovation Research (SBIR) Program and
the U.S. DOE, Albemarle Mercury Control Division (formerly Sorbent Technolo-
gies Corporation) developed gas-phase bromination, a proprietary treatment, for
PACs that can increase cost effectiveness for mercury control significantly when
compared to non-brominated PAC.

With support from EPA’s SBIR Program and the EPRI, Apogee Scientific, Inc.
developed an advanced dry-catalytic gas sample conditioning system for use in
the determination of in-duct mercury concentrations in coal-fired utility boilers.
The Apogee Dry Sample Conditioning System (DSCS) represents a breakthrough
in real-time mercury measurement technology.

EPA’s SBIR Program also supported Advanced Fuel Research, Inc. (AFR) in
the development of a technology to address both (i) removal and recovery of
mercury from combustion/incineration flue gas and (ii) reprocessing of waste
tires into value-added products. AFR’s approach is based on mercury adsorption
on low-cost, sulfur-rich activated carbons derived from scrap tires. The sulfur
added to tire rubber in the process of vulcanization makes the tire-derived
sorbents particularly effective in mercury removal. The first step in the waste-
tire-processing scheme is pyrolysis, which involves thermal decomposition of tire
rubber in an oxygen-free atmosphere. The solid product of pyrolysis (tire char)
is subsequently converted into activated carbon. The sulfur content increases
during tire processing, which is believed to facilitate mercury-capture efficiency.
The cost-performance characteristics of tire-derived carbons are excellent and
more favorable than those of the benchmark commercial carbon, Norit FGD.
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12
The Electric Power Research Institute’s Program to Control

Mercury Emissions from Coal-Fired Power Plants
Ramsay Chang

12.1
Introduction

The Electric Power Research Institute (EPRI) draws on decades of research to
help member companies operate electric power plants in an efficient and cost-
effective manner, in compliance with state and federal environmental regulations.
This chapter describes EPRI’s research and development program to control mer-
cury (Hg) emissions from power plants firing different coals under various config-
urations and operating conditions. EPRI gratefully acknowledges the participation
of stakeholders who have made this research possible, and the work of others who
have contributed specific information on the many aspects of mercury control.

12.2
Co-Benefits of Installed Controls

At coal-fired electric generating units, mercury control co-benefits occur when
installed control equipment, combustion conditions, and mercury pathways offer
a baseline level of flue gas mercury removal that does not depend on adding new
controls. Using the co-benefits of installed controls for nitrogen oxides (NO,)) and
sulfur oxides (SO,) is the first key, near-term technology for controlling mercury
emissions. Co-benefits assume new importance as power plant owners seek all
avenues of compliance with the Mercury and Air Toxics Standards (MATS) rule.

12.2.1
Selective Catalytic Reduction/Flue Gas Desulfurization

When flue gas passes through a selective catalytic reduction (SCR) system, the
SCR converts elemental mercury to oxidized mercury, the form most easily cap-
tured in a downstream wet or dry flue gas desulfurization (FGD) system. The
resulting baseline mercury removal is a co-benefit of SCR operation to control
NO, and FGD operation to control SO,.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 12.1  SCR mercury oxidation for bituminous coal-fired units.

Some eastern bituminous (EB)-fired units with combined SCR/FGD operation
experience baseline mercury removals exceeding 90% [1]. However, many such
units fail to achieve 90% control, especially over extended periods of time. For con-
sistent, long-term regulatory compliance, these co-benefit units may require oper-
ational adjustments to counter excursions above the 1.2 1b TBtu™! MATS mercury
emission limit, and a significant number may require supplemental mercury con-
trols, such as activated carbon injection (ACI) and boiler halogen addition, to meet
the limit.

A recent analysis of 240 datasets collected by EPRI at EB-fired co-benefit units
shows highly variable mercury oxidation, with an average oxidation of 75% across
the SCR; only about one-third of the datasets describe 90% or greater mercury
oxidation (Figure 12.1) [2]. In research that will contribute to stable, high mercury
removal at these co-benefit units, EPRI is working to enhance mercury oxidation
across the SCR by evaluating high-mercury-oxidation SCR catalysts, improving
catalyst management, and optimizing flue gas conditions such as halogen (chlo-
ride, bromide) content and temperature. EPRI is also pursuing a full characteri-
zation and understanding of wet flue gas desulfurization (WFGD) chemistry with
the goal of enhancing reliable, continuous mercury removal by managing wFGD
processes.

12.2.2
Unburned Carbon

When coal combustion is incomplete, unburned carbon (UBC) particles in fly
ash remain available to adsorb flue gas mercury. Capture of the UBC-laden
ash in particulate control devices provides a modest level of baseline mercury
removal.
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Figure 12.2 Influence of coal type, UBC concentration, and boiler type on fly ash mercury

adsorption. (EB, eastern bituminous coal; WB, western bituminous coal; PRB, Powder River
Basin coal; and PC, pulverized coal.)

The amount of mercury adsorbed on fly ash depends on coal type, the con-
centration of UBC in the ash, and boiler type. As shown in Figure 12.2, UBC in
fly ash derived from western Powder River Basin (PRB) coal adsorbs much more
mercury than does UBC in fly ash derived from high-sulfur eastern bituminous
(HSEB) coal [1]. For a given coal, increasing UBC in fly ash enhances mercury cap-
ture. Increasing halogen levels in flue gas can enhance UBC affinity for elemental
mercury.

12.3
Sorbent Injection

Sorbent injection — in particular, the use of ACI and BACI (brominated activated
carbon injection) — is the second key, near-term technology for controlling mer-
cury emissions.

In 2011, EPRI reported that ACI was installed at more than 60 U.S. power
plants (more than 100 units) on coal-fired boilers rated from 73 to 1375 MWe
[3]. Most of these ACI installations have operated since 2009, in compliance with
state regulations and consent decrees. During site visits in 2010-2011, EPRI
conducted detailed surveys of 11 ACI installations representing a broad cross
section of the industry. EPRI member companies have hosted numerous ACI
field studies.
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12.3.1
Units Equipped with Electrostatic Precipitators

12.3.1.1 Western Coals

At electrostatic precipitator (ESP)-equipped units firing western coals, ACI
removes about 75% of flue gas mercury at an injection rate of 51b MMacf™!
(Figure 12.3) [1]. This poor performance results from the low halogen content
of the flue gas environment created by western coal combustion. Fundamental
studies to date show that elemental mercury adsorption is enhanced by halogens
that oxidize mercury and form halogen—mercury—carbon bonds. Use of BACI
at injection rates similar to those for ACI removes more than 90% of flue gas
mercury (Figure 12.3). BACI does not perform significantly better than ACI for
EB coals, where a significant fraction of vapor-phase mercury is in the oxidized
form [1].

12.3.1.2 Eastern Bituminous Coals and High-Sulfur Flue Gases

At ESP-equipped units firing EB coals, ACI mercury removals vary widely
(Figure 12.4) [1]. Although the flue gas environment created by EB coal com-
bustion contains more halogen (chloride) than western coal flue gas, it also
contains more sulfur — especially if the coal fired is HSEB (S>3%). Under
these conditions, researchers postulate that sulfur trioxide (SO;) in the flue gas
competes with mercury for active adsorption sites on injected carbon or forms
sulfuric acid (H,SO,) that blocks carbon pores. High concentrations of SO, in
flue gas can form during combustion of high-sulfur coal, SCR conversion of
sulfur dioxide (SO,) to SO, or the use of SO, flue gas conditioning to improve
ESP performance.
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Figure 12.3 ACI mercury removal across ESPs for western coals. (Symbol shapes denote
different sorbents, with solids representing BACs and outlines representing ACs.)
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Figure 12.4 ACI mercury removal across ESPs for EB coals. (For LSEB coal (S < 3%), symbol
shapes denote different sorbents, with solids representing BACs and outlines representing
ACs.

Figures 12.4 and 12.5 illustrate the impact of flue gas SO5 concentration on mer-
cury removal across an ESP when using ACI for mercury control [1]. EPRI is eval-
uating various options to mitigate SO, impacts, including the use of SO;-tolerant
sorbents, alkali injection to reduce flue gas SO5 concentrations, and alternate ESP

flue gas conditioning agents.

12.3.2
Units Equipped with Fabric Filters or TOXECON®

To date, results show that using ACI or BACI with fabric filters (FFs) — including
TOXECON® [4] (an ESP followed by a polishing FF) — can effectively remove
mercury from western and low-sulfur eastern bituminous (LSEB) coal flue
gases (Figure 12.6) [1]. Few ACI or BACI results are available for HSEB coal
flue gas, as very few FFs are installed on HSEB-fired units; most of these
units are equipped with an ESP and wFGD. EPRI is investigating whether ACI
before an FF can effectively remove mercury from HSEB coal flue gas and
whether mercury removals can be enhanced with alkali injection to reduce SOq4
levels.
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Figure 12.5 Influence of flue gas SO, concentration on ACl mercury removal across an ESP.
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1233
Challenges and Responses

Potential balance-of-plant impacts associated with ACI and BACI present chal-
lenges that must be addressed to contain the cost of regulatory compliance and,
hence, the cost of electricity.

12.3.3.1 Preserving Fly Ash Sales

Preserving fly ash sales and avoiding ash disposal costs are important economic
goals for many power plants. But these goals are thwarted if ACI or BACI increases
the carbon content of fly ash, making it unsuitable for sale as a replacement for
Portland cement in concrete.

Even small amounts of activated carbon (AC) in fly ash can adsorb the organic,
air-entraining agents (AEAs) that fabricators add to improve concrete expansion
and contraction over freeze/thaw cycles. To avoid this problem while continuing
to use ACI for mercury control, power plant owners have evaluated mitigation
measures such as minimizing the amount of injected AC, treating carbon-laden
fly ash with chemicals to block AEA adsorption, injecting specially treated ash
compatible carbons or non-carbon sorbents, or installing TOXECON. In EPRI’s
TOXECON configuration, an initial ESP captures 99% of the fly ash before carbon
injection occurs between the ESP and an FF, or secondary particulate collector.
Because fly ash collects in the ESP hoppers before it is exposed to AC, the ash
remains uncontaminated and suitable for sale.

Some wholesalers purchase fly ash with relatively consistent concentrations of
carbon, allowing them to predict the amount of AEA needed for concrete fabri-
cation. Thus, another option to preserve ash sales is to maintain a relatively stable
and predictable ratio of AC to fly ash [1].

12.3.3.2 Optimizing Electrostatic Precipitator Performance

¢ Particulate matter emissions and opacity: Although ACI increases the carbon
burden in flue gas, EPRI found no significant ACI-related changes in particulate
matter (PM) mass emissions or opacity monitored at the stacks of 12 ESP units
surveyed in 2010 [5]. With or without ACI, historical data indicate that PM mass
emissions from large ESPs and TOXECON units fall below the 0.03 1b MMBtu~!
new source performance standard for power plant emissions, which is identi-
cal to the MATS limit for filterable PM. However, some small ESPs (specific
collection area ~300 ft> kacfm™! or lower) do have PM mass emissions above
this limit [5]. The electric power industry is evaluating low-cost performance
upgrades for these small ESPs.

» Mercury removal in the presence of flue gas conditioning: Units firing either EB
or western coals may employ both ACI and SO, flue gas conditioning to reduce
ash resistivity and improve ESP collection efficiency. However, because SO,
adversely impacts mercury adsorption on AC in flue gas, EPRI has tested the
performance of alternative flue gas conditioners.
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At a PRB-fired unit equipped with an ESP, researchers replaced SO, with an

alternative liquid flue gas conditioner (LFGC) in tests of ACI mercury control.
The LEGC proved to be as effective as SO, conditioning in controlling particulate
emissions across the ESP. Furthermore, it did not interfere with mercury removal

3].

12.3.3.3 Optimizing Fabric Filter and TOXECON Performance

* Optimal ash-to-carbon ratio: In the TOXECON configuration, if the ESP is too

efficient in removing fly ash from flue gas during ACI, PM entering the FF is
largely carbon. As observed at one unit, fine carbon particles can clog filter
bags — increasing pressure drop and cleaning pulse frequency while decreas-
ing actual mercury removal. To solve this problem, plant operators at the unit
detuned the ESP to allow more fly ash to enter the FF [5]. Thus, there may be
an optimal ash-to-carbon ratio that must be determined empirically for some
TOXECON installations to optimize mercury capture in the FF while maintain-
ing reasonable pressure drop and cleaning frequency.

¢ Hopper fires: The high carbon content of ash in TOXECON FF hoppers also

creates the possibility of hopper fires. At one TOXECON installation where
fires were reported, researchers modeled combustion of the carbon-rich ash
and suggested mitigation measures. These measures included installing temper-
ature sensors and ash level detectors in the hoppers, as well as implementing an
aggressive hopper cleaning schedule [6].

Influence of flue gas temperature: AC adsorbs mercury more readily at lower flue
gas temperatures. Figure 12.7 illustrates the response of ACI mercury removal
to temperature variations from 330 to 360 °F at a PRB-fired unit equipped with
an FF. To maintain stable mercury removal at this unit, plant operators must
adjust the ACI rate for seasonal variations in temperature from winter to sum-
mer months [1].
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Figure 12.7 Influence of temperature on ACl mercury removal across an FF for PRB coal.



12.4  Boiler Chemical Addition

124
Boiler Chemical Addition

Boiler chemical addition (BCA) is the third key, near-term technology for control-
ling mercury emissions. BCA introduces halogens — usually bromide salts, such
as calcium bromide (CaBr) — in solid or liquid form to the coal feed [7, 8]. Plant
operators may also inject hydrogen bromide (HBr) into flue gas upstream of the
air heater. Figure 12.8 shows the locations of these treatments, along with poten-
tial bromine balance-of-plant impacts on fly ash, the SO, scrubber, and stack
emissions.

Since 2004, EPRI has conducted several full-scale demonstrations of boiler bro-
mide addition (BBA) at units firing western coals (PRB and Texas lignite). In these
demonstrations, more than 90% of flue gas mercury was oxidized at BBAs equiva-
lent to 25—300 ppm by weight in coal [1]. This oxidizing effect is enhanced at units
with SCR. For example, BBA (25 ppm Br) removed 90% of flue gas mercury in a
2-month test at a PRB-fired unit equipped with an SCR, ESP, and a downstream
wFGD to capture the bromine-oxidized mercury (Figure 12.9) [9].

In a continuous 12-day test at an EB-fired unit equipped with an ESP and wFGD,
BBA failed to achieve more than 90% mercury oxidation and did not improve total
mercury removal [3]. At another EB-fired unit, researchers determined that BBA
took several weeks to equilibrate in the wFGD; this reduced mercury reemissions
and improved total mercury removal (Unpublished EPRI field test data). EPRI
continues to study BBA at EB-fired units.

Br Salt ’
addition Br in stack
Halogen (HBr)
injection
Particulate
Collector Py
Br Corrosion along
flue gas path
Brin Ash —
- Leachability, Brin Scrubber —
- Impact on ash use -Corrosion
- Impact on water streams - Hg reemissions

- Hg in blowdown and gypsum,
impact on other trace metal species

Figure 12.8 BCA options and potential balance-of-plant impacts.
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Figure 12.9 BBA promotes SCR mercury oxidation and removal across a wFGD for PRB
coal.

12.41
Combined Technologies

Recently, several power plants have combined BBA with ACI. Combined
technologies may offer an advantage over BACI at western coal-fired units
because they reduce the amount of AC needed to achieve a given level of
mercury control. At a North Dakota lignite-fired unit equipped with an ESP
and wWFGD, researchers tested the relative effectiveness of ACI (Norit Darco
Hg) and BACI (Norit Darco Hg-LH) used as sole technologies or in combi-
nation with varying concentrations of BBA (CaBr). BACI was not as effective
as BBA plus ACI in controlling mercury emissions, requiring an injection rate
of 2Ib MMacf™! or more to meet the 4.0lb TBtu™! MATS mercury emission
limit for lignite coal-fired units (Figure 12.10). BBA (75 ppm Br) paired with
ACI was the most effective treatment, meeting the emission limit at even
the lowest sorbent injection rate (Unpublished EPRI field test data). This
reduced use of AC can be an important consideration in preserving fly ash
sales.

BBA can enhance the mercury removal effectiveness of ACI at units with FFs or
TOXECON:Ss, as well as ESPs. In one field test at a TOXECON unit firing PRB coal,
the use of BBA (CaBr) alone supported 70—85% mercury removal across the TOX-
ECON FF without ACI. Combining BBA with ACI delivered an average of 90%
removal at an ACI rate of about 0.75 Ib MMacf~!. On the other hand, several days
of continuous BACI offered 90% mercury removal at a rate of 1.26 Ib MMacf™! [5].
The decision to use BBA plus ACI versus BACI will depend on cost, including any
potential balance-of-plant impacts.
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Figure 12.10 Combined BBA and ACI for mercury control.

124.2
Challenges and Responses

EPRI pursues a comprehensive research program to clarify potential balance-of-
plant impacts associated with BBA to control mercury emissions at coal-fired
units (Figure 12.11). This section describes challenges encountered during power
plant operation and responses offered by EPRI research.
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Figure 12.11 EPRI research program to clarify potential balance-of-plant impacts associated
with BBA.
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12.4.2.1 Wet Flue Gas Desulfurization Chemistry and Mercury Partitioning

Clarity about wFGD chemistry may allow researchers to partition mercury
(and other trace metals such as selenium) to the most advantageous liq-
uid or solid waste stream for a given unit. EPRI is conducting fundamental
studies of chemical reactions within the scrubber that influence mercury
and selenium (Se) partitioning, including mercury reemissions. These reac-
tions involve constituents that concentrate in the FGD, such as limestone
(CaCO,) used in forced oxidation scrubbers and the inert materials the lime-
stone contains, ferric chloride (FeCl;) added for water treatment, and trace
metals.

In one study at a PRB-fired unit equipped with an SCR, ESP, and wFGD,
researchers observed no impact of BBA (CaBr) on mercury reemissions from
the FGD. At this unit, most of the scrubbed mercury reported to the FGD solids
under baseline conditions and BBA [1].

In contrast, most of the mercury reported to the FGD liquor during BBA at an
EB-fired unit equipped with an ESP and wFGD. Under baseline conditions, about
67% of the wFGD mercury partitioned to the liquor. With BBA, these results
remained basically unchanged (74%). However, adding AC to the sump liquor
decreased wFGD mercury in the liquor to about 5%. This dramatic decrease
demonstrated that added carbon was adsorbing mercury from the wEGD liquor.
No other trace metals, including selenium, were significantly adsorbed by the
added carbon [3].

12.4.2.2 Corrosion along Flue Gas Path and in the wFGD

Bromides formed with BBA are scrubbed and can reach high concentrations (500
to >30000 ppm) in the wFGD over time, depending on scrubber design and the
amount of recirculation that occurs [3]. There is concern that such high bromide
concentrations may corrode FGD metal surfaces, especially in conjunction with
high chloride levels.

In EPRI-sponsored laboratory studies, researchers exposed various metal
alloys to simulated FGD liquors, creating corrosive environments reflecting
the operation of a PRB-fired unit equipped with an SCR, ESP, and wFGD. The
halogen content of the simulated liquors was based on chlorine already present
and BBA rates needed for 90% mercury removal with SCR operation (25 ppm
Br) or without SCR operation (100 ppm Br). Under these test conditions, alloys
2205, 317LM, and 316L experienced corrosion at 100 ppm BBA, as shown
by the pitting potential in Figure 12.12, where lower voltages indicate greater
susceptibility to corrosion [1]. These results suggest that careful selection of
FGD construction materials may mitigate corrosion at units employing BBA for
mercury control.

In addition to potential corrosion in WFGD scrubbers, corrosion along the flue
gas path — for example, in air heater baskets — appears to occur at some full-scale
units using BBA [10]. EPRI is conducting field and laboratory studies to determine
whether bromide in flue gas causes the observed corrosion, or whether other fac-
tors and flue gas constituents are involved.
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Figure 12.12 Corrosion of alloys in simulated FGD liquor for PRB coals, with and without
SCR operation. (Lower pitting potential voltages indicate greater susceptibility to corrosion.)

12.4.2.3 Preserving Fly Ash Sales

AtaPRB-fired unit equipped with an SCR, ESP, and FGD, 95% of bromide added to
the boiler was scrubbed in the FGD unit. Fly ash adsorbed only 1-2% of the added
bromide after 2 weeks of continuous treatment. This bromide concentration in
fly ash did not affect physical properties of prepared concrete mixes, such as air
content, compressive strength, set time, slump, or unit weight [1].

12424 Selenium Partitioning in Wet Flue Gas Desulfurization Systems
Tracking selenium through a unit may alert operators to possible waste disposal
issues. EPRI investigated selenium partitioning with BBA at an EB-fired unit
equipped with an ESP and wFGD. Under baseline conditions, about 70% of the
selenium appeared in the fly ash. BBA displaced this selenium from the fly ash
to the FGD liquor, whose selenium concentration increased fourfold — from
151 pg/100g of liquor at baseline to 590 pg/100g of liquor at test [3]. This
displacement may occur because selenium and bromide react to form selenium
bromide (SeBr), a highly volatile compound that is not easily adsorbed on fly ash.
Selenium in the FGD liquor was largely selenate (SeO,27), the form most dif-
ficult to remove with traditional wastewater treatments. Selenate displacement
to the FGD liquor is an undesirable outcome, given the more stringent effluent
guidelines proposed by the U.S. Environmental Protection Agency for fluid waste
streams from coal-fired power plants.

12.4.2.5 Bromide Leaching from Fly Ash
As reported, 1-2% of bromide added to the boiler was adsorbed by fly ash at a
PRB-fired unit equipped with an SCR, ESP, and FGD. In Synthetic Precipitation

217



218

12 The Electric Power Research Institute’s Program to Control Mercury Emissions

Leaching Procedure tests on fly ash samples from the unit, 60—100% of total
bromide content leached from the fly ash, confirming bromide’s high water
solubility [1]. Companies disposing of fly ash in landfills should consult state
and local regulations to determine whether specific limits apply to bromide
concentrations in landfill leachate.

12.5
Novel Concepts for Mercury Control

Novel concepts address the need to contain capital and operating costs while offer-
ing the most effective and efficient controls for mercury and other air pollutants.

12.5.1
TOXECON 1I®

This adaptation offers many of the advantages of TOXECON, without the expense
of installing a compact FE. In the TOXECON II® configuration, sorbent is injected
between the fields of an ESP [11]. Most of the fly ash collects in the inlet fields,
before carbon injection, and can be sold. About 10% of the remaining fly ash col-
lected in the final fields is contaminated and requires disposal. TOXECON II flue
gas mercury removals of about 80% are possible for western coal-fired units with-
out SO, scrubbers [1].

12.5.2
Gore® Carbon Polymer Composite Modules

W. L. Gore & Associates, Inc. has developed a carbon polymer composite (CPC)
material made of AC granules embedded in a Teflon™ polymer matrix and formed
into sheets [12]. When a CPC sheet is placed in the flue gas path, its carbon gran-
ules adsorb mercury and oxidize SO, to SO;. Both elemental and oxidized mer-
cury remain bound to the embedded carbon granules, while the SO, reacts with
flue gas moisture to form sulfuric acid droplets that drain from the surface of the
hydrophobic sheet. CPC modules can be placed above the mist eliminator at the
top of a wFGD (Figure 12.13) [13]. The goal is to capture residual mercury and
SO, downstream of the wFGD, where flue gas temperature is low (ensuring max-
imal mercury adsorption) and moisture is high. Depending on SO, levels, a CPC
reactor could be an alternative to an upgraded or new FGD system.

In 2010, EPRI demonstrated the feasibility of the Gore® CPC concept at an
EB-fired unit equipped with an ESP and wFGD. In these tests on slipstream flue
gas sampled after a limestone wet scrubber, mercury removal efficiency remained
high (80-95%) over the entire 180days of testing (Figure 12.14), resulting in
outlet emissions of <11b TBtu~! mercury. About 60% of SO, was removed from
slipstream flue gas during the same test period [14]. EPRI is conducting further
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Figure 12.13 CPC modules placed above the mist eliminator in a wFGD.
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Figure 12.14 Mercury and SO, removal by CPC during 180 test days for EB coal.

pilot- and full-scale evaluations at other power plant sites to assess the potential
for full-scale applications of CPC technology. Gore has recently renamed the CPC
as Gore Mercury Control System (GMCS).
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Figure 12.15 SAP process schematic.

12.5.3
Sorbent Activation Process

The Sorbent Activation Process (SAP®) [15, 16] reduces AC cost by more than
50% using on-site feedstocks to produce AC for mercury removal via a much
simplified production process. Patented by EPRI and the University of Illinois at
Urbana-Champaign, SAP uses a high-temperature reaction chamber to convert
pulverized coal feedstock to AC in a matter of seconds (Figure 12.15) [17]. The
AC is then injected directly into flue gas before an ESP or other particulate con-
trol device. Alternately, SAP flue gas and product AC are separated by a cyclone.
The gas is recirculated to the boiler and the AC is injected into the flue gas. SAP
uses the coal burned at the power plant site, together with activating agents and
other chemicals, to create sorbents with unique surface areas, pore structures, and
surface chemistries.

Field tests at a PRB-fired unit and an EB-fired unit confirmed that SAP ACs
made from these coals are comparable to commercially available ACs used for
mercury control. For example, both a commercial brominated activated carbon
(BAC) and an SAP BAC removed about 80% to more than 90% of the mercury
from flue gas across an FF (TOXECON configuration) at the PRB-fired unit
(Figure 12.16) [17].

Further field tests at the EB-fired unit equipped with an ESP and wFGD offered
proof of concept that SAP also can produce lime from limestone co-injected
with pulverized coal for acid gas removal [17]. EPRI is demonstrating the
cost-effectiveness of SAP at a Texas lignite-fired unit equipped with an ESP
and wFGD.



12.6 Integration of Controls for Mercury with Controls for Other Air Pollutants | 221

100% . ¢
90%
80% pe &

O,
70% Commercial
60% brominated carbon

50%
40%
30%
20%
10%

0%
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

SAP AC injection rate (Ib Mmacf™)

%Hg removal

Figure 12.16 Mercury removal for PRB coal using SAP-produced BAC compared to com-
mercial BAC.

12.6
Integration of Controls for Mercury with Controls for Other Air Pollutants

In the era of compliance with strict MATS limits and other pollution control reg-
ulations, such as the Cross-State Air Pollution Rule (CSAPR), mercury control
technologies must work effectively with other pollution control technologies, such
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Figure 12.17 DSI (Trona) impact on ACI plus BBA mercury removal across an ESP for PRB
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as dry sorbent injection (DSI) for FGD. Many power plants are investigating DSI
as a low capital cost, interim solution to meet acid gas control requirements. Tests
are being conducted with Trona, sodium bicarbonate, or hydrated lime.

However, evidence suggests that alkali sorbents may reduce the effectiveness
of ACI for mercury control. They may interact with BBA for mercury control by
removing bromide and other halogens from flue gas. Injection of sodium-based
alkali also produces nitrogen dioxide (NO,), a compound that can reduce ACI
mercury removal effectiveness. An example of these interactions is shown in
Figure 12.17, where DSI and ACI were tested at a PRB-fired unit equipped with
an ESP (Unpublished EPRI field test data). In these tests, milled Trona was
simultaneously injected upstream of the air heater with either BAC or AC (paired
with BBA in some runs). Co-injecting Trona had a significant, negative impact
on mercury control effectiveness with ACI plus BBA.

12.7
Summary

This chapter presents results of EPRI’s research and development program to sup-
port technologies that offer the most effective flue gas mercury removal at the
lowest capital and operating cost. It reviews the achievements, balance-of-plant
challenges, and research responses associated with near-term mercury control
technologies, and describes novel, longer term concepts.
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13
Mercury Control Using Combustion Modification
Thomas K. Gale

13.1
Mercury Speciation in Coal-Fired Power Plants without Added Catalysts

13.1.1
Mercury is all Liberated and Isolated in the Furnace

The predominant forms of mercury in coal-fired flue gas are elemental (Hg?)
and oxidized (HgCl,) [1-3]. The percentage of oxidized mercury in the stack
effluent of a particular power plant depends on the coal type, combustion
efficiency, and the pollution control equipment used. Essentially, all of the
mercury entering the furnace with the coal is vaporized and exists in the
elemental form until the flue gases cool below ~600°C (~1000 °F) [1-3]. The
oxidation of mercury in coal-fired boiler systems is kinetically limited [1-3].
Because the concentration of mercury is exceedingly small at around 1 ppb in
flue gas, any favorable mercury-oxidation reaction does not have the ability
to promulgate itself. In virtually every conceivable competitive reaction, the
competing gas component, much in excess of mercury, dominates. Where the
formation of mercuric compounds is thermodynamically favored, the kinetically
controlled oxidation requires the oxidant to be in vast abundance compared with
mercury.

13.1.2
Chlorine Speciation in Coal-Fired Power Plants

Chlorine (Cl,) is more reactive for the oxidation of mercury compared to hydro-
gen chloride (HCI). Chlorine gas (Cl,) is not thermodynamically promoted at
high temperatures. However, below 370 °C (644 K or 700 °F), a significant driving
force toward the formation of Cl, develops. This driving force begins to dominate
over the formation of HCI below 260 °C (533 K or 500 °F). Chlorine speciation is
governed by equilibrium in furnace sections of coal-fired boilers and limited by
kinetics and residence time downstream. Therefore, several statements can be
made relative to chlorine speciation in coal-fired power stations. Chlorine gas

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.

227



228

13 Mercury Control Using Combustion Modification

injection through the burner or entering with the coal will be entirely converted
to HCl and Cl~ in the furnace. Any form of chlorine injected through the
primary-air line will be converted in the furnace to HCI and a smaller amount
of CI7, as long as it vaporizes in the flame. The result downstream (~600 °F) will
be to increase the total amount of chlorine in the flue gas by the amount injected
through the burner. The form of chlorine will be primarily HCI. However, as more
total chlorine is injected through the burner, a small but higher concentration of
CI™ may persist a short distance downstream of the furnace. Although a driving
force toward the formation of Cl, begins to form below 370 °C (644 K or 700 °F),
the formation of Cl, is expected to be limited by kinetics at this point. Thus, the
majority of the HCl is expected to remain in that form for the residence times that
exist in full-scale power plants. Furthermore, if Cl, gas was injected at a lower
temperature location downstream, where the thermodynamic driving force was
more favorable to its formation (i.e., after the economizer), then it would remain
in the form in which it was injected.

13.1.3
Mechanisms Governing Mercury Speciation

The following mechanism [4] was proposed whereby carbon, in the form of
unburned carbon (UBC), activated injected carbon, or other carbon types could
oxidize mercury by effectively removing the activation barrier, preventing HCl
from directly reacting with elemental mercury atoms in the flue gas:

UBC + HCl < UBC-Cl+H and UBC-Cl+ Hg’ < HgCl+ UBC (13.1)

Equations 13.2—13.6 describe how UBC can effectively catalyze mercury oxida-
tion by reacting with HCI to form chlorinated carbon sites, which then react with
mercury on the surface of the carbon to form adsorbed HgCl, which finally des-
orbs as oxidized mercury. The oxidized mercury may in turn readsorb onto open
UBC sites.

Equation 13.2 describes the formation of chlorinated carbon sites.

HClI+Cs Cl-C+H (13.2)

Equation 13.3 allows for desorption of chlorine, thus providing some moderation
of chlorine accumulation on the carbon surface.

2C1-C & ClL+C (13.3)

Equation 13.4 describes the capture of elemental mercury by reaction with chlo-
rinated carbon sites located on the surface of ash particles.

Cl-C+Hg’ & HgCl-C (13.4)
Equation 13.5 allows for the desorption of oxidized mercury.

HgCl - C « HgCl + C (13.5)
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Various homogeneous pathways can convert HgCl to HgCl,, such as reaction of
HgClwith CI~ or Cl,. The conversion is assumed to be very fast, and thermochem-
ical equilibrium calculations predict nearly all mercury to be in the HgCl, form in
flue gas downstream of the airheater [1, 5].

Equation 13.6 allows for the readsorption of oxidized mercury onto open carbon
sites (as in the dissociative adsorption of mercuric chloride shown here).

HgCl, + C & HgCl- C+ CI™ (13.6)

13.2
Role of Unburned Carbon in Mercury Oxidation and Adsorption

13.2.1
UBC is the Only Catalyst with Enough Activity in Coal-Fired Power Plants

Extensive parametric investigations of mercury speciation in coal-fired flue gas
and coal-fired power plants without selective catalytic reductions (SCRs) installed
(or other catalysts or reagents introduced for the purpose of enhancing mercury
oxidation or capture) have shown [1, 5, 6] that variable parameters such as exposed
iron-oxide surfaces in the convection pass, flue-gas concentrations of O,, N,, H, O,
NO, NO,, SO,, CO, and CO,, or the concentrations of Fe, Al, Si, Na, or derivatives
of iron in the flyash have little impact on mercury oxidation or removal under
conditions that exist within actual coal-fired power plants. What has been shown
to have an impact on mercury oxidation and capture within the flue gas of coal-
fired power plants (without SCR or other catalysts or reagents) is the type and
extent of carbon in the flyash.

As mentioned earlier, the HCI concentration of the flue gas will have little impact
on mercury oxidation if the UBC is low. Figure 13.1, previously published else-
where [6], compares the relationship between Hg oxidation across a baghouse,
HCI concentration in the flue gas, and UBC in the flyash, during a pilot-scale [7]
mercury-speciation study. The HCland UBC concentrations were varied by inject-
ing chlorine gas through the burner while firing Powder River Basin (PRB) coal (a
low-chlorine, high-calcium ash, sub-bituminous coal) and by blending PRB with
higher chlorine bituminous coals.

A mass balance on coal-mercury suggested that the majority of mercury at the
baghouse inlet was in the gas phase for all blend conditions. As shown, chlorine
injection alone (i.e., resulting in HCI addition in the back pass) had some impact
on mercury oxidation. However, much more mercury oxidation was realized as
a result of coal blending, even though there was less chlorine. Adding bitumi-
nous coal also yielded more UBC in the ash, which catalytically enhanced mer-
cury oxidation. The chlorine and UBC levels shown in Figure 13.1 are low relative
to the levels produced from most eastern bituminous coals. Nevertheless, UBC
clearly plays a significant role in catalyzing the oxidation of elemental mercury
with hydrochloric acid vapor in the flue gas, and the concentration of UBC in flue
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gas will be as important, or more important, than the concentration of HCl in the
flue gas for many plants relative to mercury oxidation.

13.2.2
UBC can Remove Hg or Oxidize Hg, Depending on the UBC Concentration

Itis known [8] that the desorption rate of HgCl from carbon at a given temperature
decreases with increasing available carbon sites, as the desorption rate depends
primarily on the HgCl concentration deposited on the carbon surface and the con-
centration of vacant carbon sites per unit mass of carbon. Furthermore, for a given
temperature, the adsorption rates of Hg® and HgCl, increase with an increase
in the number of sites available for sorption — that is, the UBC sites for activa-
tion by HCI and adsorption of HgCl, (i.e., through the mechanisms described in
Equations 13.2 and 13.6, respectively) and the CI-C sites (see Equation 13.4) for
adsorption of Hg®. Hence, the speciation and removal of mercury by particulate,
produced by a given coal and firing condition, depend on the amount (and sur-
face activity) of the carbon (in the flue gas) available to adsorb mercury, keep it
adsorbed, and to readsorb oxidized mercury.

With sufficient carbon (i.e., high enough C/Hg ratio), the overall adsorption rate
of mercury may be overwhelmingly greater than the overall desorption rate, in
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which case significant mercury removal will be observed. On the other hand, if
sufficient carbon (activated carbon or UBC) is present to yield significant mer-
cury adsorption on chlorinated carbon sites, but not enough carbon is available
to slow the desorption of HgCl and to allow significant readsorption of HgCl,,
then extensive mercury oxidation may be observed without significant mercury
removal.

13.2.3
Nature of Carbon Type Depends on Parent Coal and Combustion Efficiency

Activated carbon used for mercury control is often made from coal, typically a
low-rank coal or lignite, and less often from coconut or walnut shell or other
biomass feedstock such as wood. The feedstock, be it biomass or coal based, is
subjected to thermal decomposition with strategic oxidation (often with steam)
in order to produce an active sorbent for mercury adsorption with a high internal
surface area. The carbon—steam reaction, shown here, is typically used to generate
internal porosity and high-surface-area carbons.

C+H,0 - CO+H, (13.7)

If the temperature is too hot, the heating rate too slow, or if too much oxygen
is present and not enough steam, then the resulting activated carbon will be less
active than that produced under optimized conditions. Similarly, UBC in flyash
has gone through a thermal decomposition process and been subject to reactions
with steam, carbon dioxide, and oxygen. Although coal-fired boilers are clearly
not optimized to produce UBC with a high activity for mercury adsorption, the
activity of the carbon for mercury adsorption may differ significantly from one
plant to another, depending on the coal type fired, the efficiency of the boiler, the
furnace exit oxygen of the furnace, and moisture content of the coal and humidity
of the secondary air.

The impact of the coal type on the resulting carbon activity can be determined
from the coalification curve. Peat, although not coal, is the first material that plant
matter was converted into as it began the coalification process. Peat consists of
high moisture content, high volatile content, and will produce a highly active car-
bon type when thermally decomposed. Graphite, although not coal, sits on the
other end of the coalification curve and is the end product of material passing
through the coalification curve. Graphite has little moisture and no volatiles, and
consists of an unreactive carbon type before and after heat treatment. In between
these two endpoints are the different types of coal we burn in power plants at
present, with the more reactive carbon types produced from the younger coals
(i-e., lignites and sub-bituminous coals) and the less reactive carbon types being
produced from the older coals (low-volatile bituminous and anthracite coals).

The order of coals from youngest to oldest from the coalification curve is main-
tained in the heating value and proximate analysis charts produced by Hendrick-
son in 1975 [9], reproduced in Perry’s Chemical Engineers’ Handbook [10]. As
shown in those charts, the younger the coal, the more moisture content, the more
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volatiles, the less fixed carbon, and the lower the heating value. It is also true that
the char produced from the initial stages of combustion known as devolatilization
(which takes place in <25 ms in pulverized coal (PC) boilers) is more reactive for
younger coals and less reactive for older coals. The char produced from younger
coals is more reactive for essentially two reasons. First, the solid organic network
comprising the char structures contain more aliphatic material (i.e., attachments
to organic rings, such as methane and toluene and components that can easily be
released as light gases), and the aromatic structures are less ordered and graphitic
in nature (i.e., the rings contain fewer inclusions and the ring structures tend to
be more planar with respect to each other) [11, 12]. Second, in large part due to
the first reason (i.e., the nature of the solid carbon structure), the char produced
from the younger coals tends to have a higher porosity and internal surface area
than char produced from the older coals.

The higher moisture content of the younger coals also tends to yield higher
medium-sized pores or mesopores, through which increase the reaction rate of
chars with oxygen would, if the chars survived, yield more active carbon structures
for mercury capture.

Firing a coal that yields char with a high reactivity results in two trends that
tend to cancel each other out in terms of yielding highly active UBC, outlined as
follows: The higher reactivity does indeed relate to a higher activity for mercury
capture. However, the higher reactivity also means that more of the carbon will be
burned out in the furnace by oxygen and will not survive to serve as an actor for
mercury adsorption or oxidation. A good example of this is PRB coal. PRB coal
yields a highly reactive char type that is very effective for oxidizing and adsorbing
mercury. However, most power plants that burn PRB coal have very low UBC in
their flyash, because most of the carbon burns out in the boiler, before reaching
the backpass.

It has been shown that high oxygen contents tend to decrease the reactivity of
coal chars by consuming the outer surface of the char (eating the char particles
from the outside in), while high-steam concentrations tend to increase the char
reactivity by increasing the char mesoporosity and Brunauer—Emmett—Teller
(BET) surface area [13]. The water molecules, with orders of magnitude lower
reaction rate than oxygen with carbon, are able to penetrate the micropores of
the coal char and react with their inner walls, thus widening the micropores
and creating mesopores, without reducing the particle diameter. Hence, higher
moisture contents in the furnace may increase the carbon activity for mercury if
the active carbon produced is not all consumed by oxygen in the furnace.

13.24
Concentration of UBC Needed to Oxidize or Remove Mercury from Flue Gas

The mechanism of carbon enhancement of mercury oxidation is consistent
with bench-, pilot-, and full-scale Hg-adsorption and speciation data, which
have shown a direct relationship between mercury adsorption and carbon
concentration [1, 5, 14]. At low carbon concentrations, the rate of Hg adsorption
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is of the same magnitude as the rate of mercury desorption. As the carbon
concentration increases, assuming at least some chlorine in the flue gas, mercury
adsorption begins to dominate over mercury desorption, until most of the
mercury is observed to be removed from the flue gas. The mechanism is observed
even more clearly for mercury speciation. At very low concentrations of carbon
in the flue gas (i.e.,, PRB-fired power plants with high carbon burnout), the
mercury will neither be oxidized nor adsorbed. For slightly higher concentrations
of UBC (i.e., up to about 4.0% in the ash) in the absence of much calcium,
extensive mercury oxidation will be observed, and for still higher concentra-
tions of UBC, mercury removal will dominate even without much calcium
present (as observed at power plants with high levels of UBC in the ash, that is,
20-50% UBC).

If firing conditions can be changed to increase the UBC in the flyash from
PRB coal by just 0.2%, a significant increase in mercury oxidation will likely be
observed, while an increase in UBC to several percent may result in high removals
of mercury in the flyash (calcium content of the ash will also have an impact on
removal for PRB coals). On the other hand, UBC concentrations as much as 10%
in the flyash from bituminous coal may not produce high mercury removals or
complete mercury oxidation.

In the same pilot-scale system [7] from which the data shown in Figure 13.1
were obtained, the concentration of UBC in the flyash needed to oxidize mercury
across a baghouse was also measured (see Figure 13.2 published previously [6]).
Combustion modifications were used to increase the concentration of UBC from
the PRB coal, which is a highly reactive carbon type. As shown in Figure 13.2,
the resulting increase in UBC was highly effective at oxidizing mercury. The coal
blends were primarily of PRB and bituminous coals, where the average UBC type
produced was also effective for oxidizing mercury.

13.3
Synergistic Relationship between UBC and Calcium in Flyash

13.3.1
Calcium Enhances the Retention of Mercury on Carbon

A fundamental investigation by Gale et al. [6] on the impact of calcium on mercury
removal in power plants found that the presence of calcium, in the form of PRB
flyash, injected hydrated lime, calcium carbonate, or calcium, enhanced mercury
removal from the flue gas under certain conditions. Among other things, it was
demonstrated that adding different forms of calcium to the baghouse collecting
bituminous coal flyash changed the measured form of mercury at the baghouse
outlet from about 90% oxidized with about 25% removed across the baghouse, to
over 80% of the mercury removed across the baghouse. It was further shown [6]
that calcium powders would only increase mercury removal across the baghouse
if they were mixed with the UBC in the flyash. Without UBC from flyash, the
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Figure 13.2 Mercury oxidation versus UBC [6]. (Reproduced with permission from Ref [6].
Copyright © 2009, Elsevier Limited.)

calcium powders had no effect, even for flue gas containing a high percentage of
oxidized mercury.

The synergistic relationship of calcium and UBC for the removal of mercury also
extends to mercury removal across an electrostatic precipitator (ESP) [6]. Con-
tour lines showing the concentration of calcium and UBC necessary to achieve
different mercury removal percentages derived in this work are reproduced here
in Figures 13.3-13.5. All of this work was performed on low-sulfur coals, with
SO, concentrations <2 ppmv, so the impact of calcium on protecting the carbon
from deactivation by SO, was not significant.

As shown in Figures 13.3-13.5, different combinations of calcium and carbon
concentrations can be used to obtain the same mercury removal percentages at the
inlet and outlet of an ESP. The contour lines shown in these figures were created
from data interpolation. No extrapolations were made. Therefore, all of the points
on each of the contour lines are achievable.

13.3.2
Calcium/Carbon Synergism is Limited to a Range of Conditions

Synergism between calcium and UBC in flyash or injected activated carbon was
found to be effective only for UBC concentrations in the flyash that would other-
wise yield significant mercury oxidation with moderate mercury capture. If alarge
concentration of UBC was present, such that mercury removal was already high,
the impact of adding calcium would be far less effective or not effective at all.
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Figure 13.3 Predicted Hg removal contours for PRB/eastern bituminous blend tests (ESP
exit) [6]. (Reproduced with permission from Ref [6]. Copyright © 2009, Elsevier Limited.)
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Furthermore, the calcium/carbon synergism work by Gale et al. [1, 5, 6], was
confined to relatively low-chlorine coals, that is, with flue-gas concentrations
below 50 ppmv.

13.4
Potential Combustion Modification Strategies to Mitigate Mercury Emissions

Coal blending, although technically not a combustion modification, is a way to
change the nature of the combustion by burning a different fuel type with a more or
less active carbon type, more or less moisture, and more or less calcium than nor-
mally fired, all of which have the potential to impact the overall mercury removal
strategy. The specific application of this method will vary significantly from plant
to plant, depending on the plant configuration, coal type currently being burned,
efficiency of the boiler, and availability and cost of different coal types.

Several specific examples are provided for clarification.

In a power plant that currently fired PRB coal, did not have an SCR or wet scrub-
ber, and had a fairly high furnace efficiency, such that the UBC in the flyash was
0.1% or less, co-firing with a higher rank coal, well up on the coalification curve
would likely increase the mercury capture to perhaps 80% or 90% across the ESP
or even more across a baghouse.
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A similar but much less efficient power plant that burned bituminous coal,
resulting in >10% UBC in the flyash, may be able to significantly reduce mercury
emissions by blending with or switching completely to PRB coal. If so, the power
plant would have the added benefit of a much lower UBC concentration in their
flyash.

Although these examples are realistic, it is not likely that the anticipated regu-
latory standards can be met through coal blending alone, as most standards are
anticipated to require >95% removal of the mercury from the flue gas, which is
unlikely to be achievable by coal blending for most power plants.

Reduced combustion efficiency is another way to increase the UBC concentration
in the flyash and thereby increase the mercury removal in the particulate collec-
tion device (PCD). This would be most effective while burning PRB coal or lignite
and would provide the least problem with high UBC concentrations in the ash.
However, increasing the UBC in the flyash while firing PRB or lignite is quite dif-
ficult, because of the highly active carbon type.

It should be understood that if this approach is taken to increase the UBC in
the flyash, it must be done in a way so as to only increase the UBC from the char.
If radical measures are taken to produce a highly unstable flame or channeling
of gases that are not completely burned, there is a possibility that some of the
UBC produced will be from unburned volatile matter. Carbon produced in the
ash from unburned volatile matter, or soot, will not produce the desired results.
Soot once formed through incomplete combustion of volatiles is unreactive and
will not provide an active carbon concentration in the flyash for the promotion of
either mercury oxidation or capture.

Reburning is a technology where fuel is fired in the furnace downstream of the
main burners to reduce NO,, that were formed in the primary combustion zone,
by creating a reducing zone at the location of the reburning. As the objective of
reburning is to create a reducing zone, there will be less oxygen needed to burn all
of the solid fuels and so provides a great opportunity to combine this technology
with production of activated carbon types for mercury adsorption in the flyash.
Reburning can be done with natural gas, but it can be done with a variety of dif-
ferent solid fuels, including the same coal that is fired through the main burners.
If the reburning system is designed for both the reduction of NO, and for lim-
ited burnout and activation by steam, the cost should be reasonable to solve both
the NO, and Hg emissions problems. This may be a possible approach for smaller
plants that are trying to extend their life and cannot afford to add an SCR unit for
deNO,.

Furnace intrusion modifications is the final area of combustion modification
possibilities for existing coal-fired power plants. This broad area of modification
requires intrusion into the furnace itself to either add equipment or redirect part of
flame flow downstream of the furnace. An example of such a modification would
be a highly isolated jet of inert gas that was directed through part of a flame or
the whole furnace, sweeping unburned char out of the flame zone, and transport-
ing it downstream unreacted and quenched so that it would not continue to burn.
Another example would be a mechanical device or high-temperature vanes in a
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boiler that would extract some of the char from the flame zone downstream before
it was completely burned out.

The Thief Process is an example of a commercial Furnace Intrusion Modification
[15]. The Thief Process extracts coal out of the flame zone through a pipe outside
the furnace and then reinjects the UBC downstream where it can be used as a
sorbent to capture mercury.

13.5
Effects of Combustion Modifications on Mercury Oxidation across SCR Catalysts

13.5.1
Inhibition of Mercury Oxidation can Occur in Low-Chlorine Flue Gas

Although it is unlikely that combustion modifications would be used as a mercury
mitigation strategy at a power plant where an SCR was installed for deNO,, com-
bustion modifications, or tuning for other reasons can have a significant effect
on mercury oxidation across the SCR catalyst. Walsh et al. [16] showed that as
little as 10 ppmv of CO can significantly inhibit the oxidation of mercury across
an SCR catalyst in flue gas with an HCI concentration of 2.0 ppmv, which is typ-
ical of the HCI concentration at some plants firing PRB coal. Hence, care should
be taken when considering combustion modification that might increase the CO
concentration when firing a low-chlorine coal and using an SCR to oxidize mer-
cury.

At chlorine concentrations as high as 50 ppmv, there was no effect of the CO
concentration on mercury oxidation.

Although ammonia slip can inhibit mercury oxidation across SCR catalysts in
low-chlorine flue gas, the concentration of NO treated has little impact [17]. Nev-
ertheless, efforts to change UBC or lower NO through combustion modifications
could have negative impacts on mercury oxidation across an SCR by increasing
the concentration of carbon monoxide.
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14
Fuel and Flue-Gas Additives

John Meier, Bruce Keiser, and Brian S. Higgins

14.1
Background

The primary mercury oxidation pathway during coal combustion occurs as a
function of coal halogen content and subsequent release during the combustion
process. Native oxidation occurs [1] through the reaction of mercury with HCI (or
CI~ or Cl, produced by the Deacon reaction [2]), utilizing the inherent chlorine
in the coal.

The easiest and most readily available method to increase mercury oxidation is
through the introduction of halogen-containing material to the fuel before com-
bustion. Typical methods include treating the coal with a liquid solution contain-
ing halogen salts, such as CaBr, or CaCl,. These salt compounds vaporize and
dissociate, or react during combustion, to form molecular halogen compounds or
precursors in the flue gas, primarily forming HBr, Br,, HCI, and Cl,. These halo-
gen species then oxidize elemental mercury to its oxidized form, which is readily
capturable across downstream air quality control devices.

Additives to promote enhanced mercury capture were first implemented
to augment mercury capture by activated carbon. Initial generic-powdered
activated carbon injection (ACI) studies noted that with low chlorine fuels (e.g.,
<200 pgg~') there was poor mercury removal relative to units burning higher
chlorine coal (e.g., >500 pg g~!) [3]. Because of this result, manufacturers began
impregnating the activated carbon with various halogen additives (i.e., iodine,
chlorine, or bromine). While all of these halogens are effective in oxidizing
mercury and facilitating activated carbon mercury capture [4], bromine-based
additives have often exhibited the best cost performance.

An additional factor affecting mercury capture by activated carbon is the flue-
gas temperature. At elevated flue-gas temperatures, approaching 200 °C, activated
carbon efficiency is reduced, specifically for elemental mercury [5]. By increas-
ing the portion of oxidized mercury in the gas stream, high-temperature mercury
capture is improved with activated carbon.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 14.1 Mercury oxidation in coal-fired boilers with bromine and chlorine addition .

The effect of the concentration of several halogen-based oxidants have been
considered by Senior et al. [6] Figure 14.1 illustrates the difference in native cap-
ture as a function of halogen concentration in the coal, where the halogen concen-
tration is artificially augmented. Increased mercury removal is directly attributed
to higher halogen concentration before coal combustion. In this study, bromine
addition reaches 80% mercury removal (Br ~ 100 pg g~!), while the peak mercury
removal with chlorine (Cl~ 1000 pug g~!) does not exceed 60%, even with a con-
centration 10-fold larger.

14.1.1
Bromine-Salt Mercury Oxidation

The case studies presented here show results from injecting a bromine salt
solution into a boiler to produce a molecular halogen or molecular halogen pre-
cursor, which promotes mercury oxidation. The proprietary bromine salt solution
injected by Nalco is branded as MerControl® 7895 technology. In the results that
follow, the data is presented as micrograms per gram, representing the number
of micrograms of MerControl 7895 solution per gram of coal. This is equivalently
referred to as milligrams per kilogram or parts per million weight.

14.1.2
Fuel Additive Injection Equipment

The application of halogen salt solutions is typically to the coal before injection
into the furnace. The point of application is usually at the coal feeders just
before the pulverizers. Permanent injection systems include a bulk storage tank,
metering pumps, and injection assemblies. The pumps are controlled relative
to plant operational data; for example, coal flow, gross mega watts, and/or
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outlet mercury speciation (when a plant continuous mercury monitor (CMM)
is available). The injection point is a simple lance comprising an open-ended
stainless steel tube, without a nozzle, or a constriction, which may plug. An even
distribution of the product across the coal flow is not required at the application
point as the additive will be well mixed with coal during the pulverization
process.

Different precombustion application locations have been investigated, at vari-
ous points from the coal yard to the burners. The application equipment is less
expensive the further upstream the chemistry is added. Alternatively, the control
response to a downstream feedback control parameter (e.g., a stack mercury mea-
surement) is faster the further downstream the chemistry is added. However, these
differences are slight and neither approach appears to have a strong advantage over
the other.

Alternative injection strategies include injecting the oxidizer additives directly
into the boiler or in the back-pass through a grid injection system.

Injection into the boiler can be performed by using compressed or fan-boosted
air to facilitate mixing. Often, this is performed by combining the oxidizer injec-
tion with other air or chemical injection systems such as over-fired air or a selec-
tive noncatalytic reduction (SNCR) system. The key point is to confirm that there
is good mixing with all of the flue gas. One reason to pursue this approach is
to remove the bromine from the coal handling and milling systems; however, an
operational performance advantage to doing this has not been established.

Halogen-containing solutions can also be injected into the flue gas downstream
of the economizer using a grid injection system. The decreased flue-gas tempera-
ture at this injection point may require the use of a larger quantity and/or a more
hazardous reagent, such as hydrobromic acid. Either may raise the costs and safety
concerns with handling and storage. Again, good mixing needs to be confirmed.
It has not been demonstrated that injection downstream of the economizer is
more effective or more economical than precombustion addition of halogen
salts.

14.13
Case Study Results

The following two sections present results from different case studies. The first
section summarizes conditions where an halogen based fuel additive will likely
lead to advantageous performance and the second summarizes conditions where
there is likely not an advantageous performance.

Note that every boiler application must be individually analyzed, as results are
heavily dependent on flue-gas temperatures, coal constituents, post combustion
temperatures, mixing, residence time, metal surface characteristics, and, most
importantly, the operation of downstream air pollution control devices. Nalco
commonly demonstrate the effectiveness of fuel additives, with and without
activated carbon, through field trials to help our clients fully understand the
cost—benefit of various operational scenarios.
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14.1.3.1 Case Studies where Halogen-containing Fuel Additives are Advantageous
Nalco has performed a number of demonstrations with fuel additives with the
specific goal of reducing mercury compliance costs. In this section, the results
from three case studies are reviewed:

Case Study One: Optimized carbon and halogen-containing additive for
preservation of fly ash quality in concrete reuse

Case Study Two: Bituminous coal with performance shortfalls and SCR (selec-
tive catalytic reduction)/wFGD (wet flue-gas desulfurization)

Case Study Three: Subbituminous coal with high fly ash unburned carbon.

Case Study One: Optimized Carbon and Halogen Oxidizer for Concrete Applications
The demonstration site for this case study was a 615-MW boiler, burning
low-sulfur subbituminous coal. The boiler was equipped with low-NOx burners
and a cold-side electrostatic precipitator (CS-ESP) for particulate control. No
desulfurization equipment was installed [7]. The coal chlorine content averaged
100 pgg~! during the demonstration, resulting in only 30—35% native mercury
oxidation during baseline measurements.

The goal of this demonstration was to achieve 90% mercury capture, with
<21b MMacf~! activated carbon addition rates. Through previous testing, the
client had determined that at <21b MMacf~! activated carbon addition, the fly
ash integrity was sufficient to permit economic reuse as a concrete feedstock.

A temporary MerControl 7895 technology injection system was installed, with
injection occurring at the coal feeders before the pulverizer. ACI was injected both
before and after the air heater. However, the injection before the air heater pro-
duced much better results and therefore only these data are presented.

Case Study One: Results 'Two temporary CMMs were installed at the exit of the econ-
omizer and at the stack. The inclusion of the inlet CMM was to provide informa-
tion regarding changing coal conditions and was considered representative of the
coal mercury concentration.

In Figure 14.2, injection of over 2.5lb MMacf™! of a standard halogenated
activated carbon, introduced before the air heater, resulted in about 91% mercury
capture. Also, in Figure 14.2, two nonhalogenated activated carbons were injected
with the application of a fuel additive, MerControl 7895 technology. ACI-I is a
higher reactivity carbon designed to be used in conjunction with fuel additives.
ACI-II is a standard nonhalogenated activated carbon. The significant difference
in performance between the two activated carbons emphasizes that all activated
carbons are not equal in terms of performance when used in conjunction with
fuel additives.

ACI-I required 50% less carbon than ACI-II to reach 91% mercury capture,
using the same fuel additive injection rate (168 pgg™!). ACI-I, with a fuel addi-
tive concentration of 168 pgg™ in coal, required 80% less carbon to reach 91%
mercury capture, when compared to results obtained with a standard halogenated
activated carbon alone.
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Figure 14.2 Mercury capture as a function of the activated carbon injection rate, with and
without MerControl 7895 technology injection.

The 2.51b MMacf~! injection rate with the halogenated activated carbon did not
meet the initial requirements of 90% mercury capture at <2 Ib MMacf™! injection
rates to preserve fly ash quality. The application of halogen-containing fuel addi-
tive and a greatly reduced activated carbon flow rate met both of the client’s goals
and resulted in the lowest annual compliance cost.

Case Study Two: Bituminous Coal with Performance Shortfalls and SCR/WFGD Typi-
cally, halogen-containing fuel additives are discussed with respect to application
on low-chlorine, subbituminous, fuels [8]. The reason is that bituminous coals
usually have sufficiently high levels of chlorine to oxidize most of the mercury.
This is particularly true when there is also an SCR present. However, as shown
earlier, even with high levels of chlorine, mercury oxidation is limited, and cannot
reach as high a level of mercury oxidation as a bromine-based fuel additives.

Oxidized mercury is readably soluble in water, specifically in wFGD systems.
Elemental mercury is not readably soluble in wFGD water. Units with a wFGD
system are limited in mercury capture by their mercury oxidation rate. If 80%
of the mercury entering the wFGD is oxidized and reemission is controlled,
80% mercury capture across the wFGD is expected. Because bromine-based fuel
additives increase the oxidation of mercury, it also increases the unit overall
mercury capture in a wFGD.

Case Study Two: Results  The case study outlines the application of a bromine-based
fuel additive on a 195-MWe high-chlorine bituminous-coal-fired boiler, equipped
with an SCR for NOx control, a wEGD for SO, control, and a CS-ESP for par-
ticulate control. The typical coal chlorine level was around 1600 pgg=" of fuel,
which in combination with the SCR should have resulted in excess of 90% mercury
oxidation and subsequent capture in the wFGD. SCR catalysts typically increase
the oxidation rate of mercury in the presence of high concentrations of chlorine.
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Figure 14.3 Decreasing stack emissions (left) and increasing mercury capture (right) shown
for increasing MerControl 7895 technology concentration.

However, owing to the catalyst type and age, mercury oxidation was limited to
70% as observed in previous testing and validated with Ontario Hydro (OH) mea-
surements [9] performed during the baseline observation.

In order to increase the mercury oxidation, a MerControl 7895 solution was
applied using a temporary injection system. OH measurements were performed
daily, and were validated against Environmental Protection Agency (EPA) Method
30B [10] carbon traps. As with CMMs, halogens can result in fouling of the OH
impinger trains, so it is important to validate measurements with an alternative
reference method to ensure data accuracy.

The results of the addition of MerControl 7895 technology are shown in
Figure 14.3. The mercury oxidation rate during baseline measurements was
suggested to be about 80% and the overall mercury capture rate was about
70%. The wFGD was estimated to be nearly 100% efficient in removing oxidized
mercury and showed no evidence of reemission. The reason the mercury capture
rate is less than the mercury oxidation rate is due to an estimated 5—10% of the
flue gas bypassing the wFGD through a leaking flue gas bypass damper.

With increasing dosage rates of MerControl 7895 technology, there is a linear
decrease in stack emissions, as shown in Figure 14.3. With the addition of at least
265 mg MerControl 7895 technology per kg coal, the client was able to maintain
their required emission rate of 0.008 Ib GWh~!, equal to a net 85% mercury cap-
ture rate, which includes the bypass damper leakage.

Using the wFGD as the primary mercury removal mechanism was highly
desired by the client relative to the injection of activated carbon. High-sulfur
bituminous coal burning units with SCRs result in formation of high levels of SO,
in the flue gas. The deleterious effect of SO, on activated carbon performance
is well known, resulting in greatly increased ACI rates required to maintain
high levels of mercury removal. We estimate that 5—7 1b MMacf™! of ACI would
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be required to reach the same removal rate as 265 pug g™ of MerControl 7895
technology because of the CS-ESP as the primary particulate control device
and the high levels of SO;. Because of this, the MerControl 7895 technology
application resulted in substantial savings compared to an option with ACI alone.

Case Study Three: Subbituminous Coal with High Fly Ash Unburned Carbon™ For units
that are not equipped with a wFGD, the primary mercury removal mechanism is
formation of particulate mercury. Mercury absorbs on the surface of a carbona-
ceous material, such as injected activated carbon or unburned carbon from the
combustion process. Units with high unburned carbon in the fly ash, typically
>2% loss on ignition (LOI), do not require much, if any, activated carbon to be
injected because the carbon in the fly ash is adequate to achieve high levels of mer-
cury capture when in the presence of high levels of oxidized mercury. For units
that produce a high fraction of elemental mercury (e.g., >20%), the addition of
an halogen-containing fuel additive can increase total mercury capture through
oxidation and adsorption onto the unburned carbon in the fly ash.

Not all unburned carbon is created equal in terms of oxidized mercury capture
efficiency. Owing to high volatility and moisture content, subbituminous coals
typically produce higher quality unburned carbon in terms of capturing mercury,
relative to bituminous coals. Subbituminous fly ash has better performing pore
size, better carbon distribution throughout the ash, more favorable alkali content,
and higher surface area resulting from the thermal activation processes that occur
during combustion.

If no activated carbon is required, the total capital cost for a halogen-containing
fuel additive mercury can be 20% that of an ACI system. Typically, annual operat-
ing and maintenance (O&M) costs are substantially lower as well.

Case Study Three: Results  'The injection of a halogen salt solution was demonstrated
on a tangentially fired, 400-MW boiler burning subbituminous coal. The boiler
was equipped with low NOx burners and a CS-ESP, for particulate control. Before
the demonstration, the unit was in compliance with their mercury regulation
(0.0081b GWh!) by injecting approximately 1.7 1b MMacf™! (~61kgh™ at full
load) of a relatively concrete-friendly halogenated activated carbon. The injection
location during normal operation occurred after the air heater through eight
injection lances. The goals of the fuel additive demonstration were as follows:

¢ Reduce ACI flow rates to permit high-value fly ash resale for concrete manu-
facture. High amounts of activated carbon present in the fly ash causes discol-
oration when used for concrete manufacture, and also increases the amount of
air entrainment chemicals required.

» Decrease overall compliance costs, while maintaining their regulated mercury
emission limit.

Selling fly ash for concrete manufacturing can be a significant revenue stream
for coal-fired utilities. If the fly ash is unsuitable for concrete, the utility will be

 These results have not yet been independently published.
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forced to landfill their ash off site at considerable cost. Therefore, poor fly ash
quality impacts the utility’s profitability by both the loss of sale and the price to
landfill. Two main concerns with the quality of fly ash are air entrainment and
structural integrity. Activated carbon, while not the only factor, will negatively
affect the quality of fly ash by preventing proper air entrainment of the concrete.
By reducing the amount of activated carbon used during normal operations,
halogen-containing fuel additives can help produce fly ash suitable for concrete
manufacturing.

Given the client’s goals, we implemented an approach to (i) determine the effect
of MerControl 7895 technology on reducing activated carbon consumption rates
and (ii) determine the effect of changing the injection location of the activated
carbon to upstream of the air heater to further reduce the activated carbon flow
with and without MerControl 7895 technology. Gas-phase measurements were
provided by an independent third party using two CMMs, one placed at the
inlet of the ESP and the other at the stack. CMMs can become fouled during
the addition of halogen-containing fuel additives. In order to verify the CMM
accuracy, EPA Method 30B carbon trap sampling should always be performed to
validate the CMM.

We have found that inlet CMM measurements provide essential information
related to process variation and changes in coal mercury concentration. By
monitoring the inlet mercury concentration, we can account for process variables
that otherwise could systematically affect the results and lead to incorrect
conclusions. When coal analyses are solely used to determine inlet mercury
concentration, we have found that this does not work as well and does not
illuminate process variable effects.

We applied a liquid-based bromine salt solution (MerControl 7895) to all five
of the coal feeders. The MerControl 7895 product was delivered to site in 240-gal
Schutz totes. A pump-and-control skid provided product pressure, flow control,
and flow rate measurements. Temporary injection lines were provided from the
pump skid to the injection nozzles, installed on the coal mill feeders. As part of this
project, we also provided movable ACI lances to be able to inject carbon before
the air heater. The demonstration was completed in under 2 weeks.

Fly ash samples acquired during the demonstration showed LOI values over
2.0%. This level of LOI provided adequate sites for mercury adsorption during
application of MerControl 7895 technology. As shown in Figure 14.4, the addi-
tion of 10 pgg™' of MerControl 7895 technology produced mercury emissions
<0.0051b GWh™!, below the required emission rate of 0.008 Ib GWh~!. The appli-
cation of MerControl 7895 technology reduced overall compliance cost by over
90% compared to the application of activated carbon.

14.1.4
Case Studies where Conditions Are Disadvantageous to Fuel Additive

There are several conditions in which the utilization of fuel additives is unlikely
to provide economic justification. These need to be considered on a case-by-case
basis.
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Figure 14.4 Decrease in mercury emissions for increasing carbon and MerControl 7895
technology injection rate.

14.1.4.1  Units Burning High Chlorine Fuel with an SCR
SCR systems have a synergistic effect with available chlorine in the combustion gas
in oxidizing mercury. Units burning fuels containing chlorine over 800 pg g~! and
employing an SCR will typically result in over 90% mercury oxidation. Addition of
halogen-containing fuel additives is unlikely to show benefit for these conditions
because of the high inherent mercury oxidation rates. Some catalysts contained
in the SCRs are less effective than others in oxidizing mercury, and application of
fuel additives may still be beneficial.

Generally, the combination of high chlorine and an SCR should not require fuel
additives. However, additives can be used to augment deficiencies in fuel chlorine
content or SCR function.

14.1.4.2 Subbituminous Fired Units with Flue Gas Conditioning (SO, Injection)
A significant fraction of subbituminous fired units inject SO, into the ductwork
to modify ash resistivity. This, in turn, increases the collection efficiency of the
ESP. The injection of SO4 reduces the performance of activated carbon, requir-
ing relatively high levels of ACI compared to similar configurations without SO,
injection. These high levels of ACI virtually always spoil the ash for resale.

We have found for these cases that the benefits from applying a bromine oxidizer
are rarely economical. This is primarily due to specialty activated carbons that are
better suited for high SO, applications without the co-benefit of using halogen-
containing fuel additives.

For boilers that have high SO; concentrations, injected to improve ESP func-
tion, and also have a wEGD, the use of halogen-containing fuel additives would be
economically justified. These configurations are infrequent because of low sulfur
content traditionally found in subbituminous coals.
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14.1.4.3 Units without Acid Gas Scrubbing and a Fabric Filter (FF)

Units employing a FF for particulate control, but without a spray dry absorber
(SDA) or wEGD, will see little benefit from the application of a bromine-
containing fuel additive. Compliance costs are generally low for this condition,
typically requiring <1 1b MMacf~! halogenated ACI to reach around 90% mercury
capture. Compliance costs are so low for this configuration that there is typically
not enough economic opportunity to reduce the ACI rates to justify the use of a
halogen-containing fuel additive.

There are other considerations that can make the addition of halogen-
containing fuel additives attractive for these configurations, such as increased
fly ash quality because of reduced ACI rates with addition of halogen-containing
fuel additives or the inclusion of an SCR, reducing the typically required dosage
rates of halogen-containing fuel additives.

14.2
Summary

Elemental mercury can be difficult to remove using existing air pollution control
equipment. The addition of halogen-containing fuel or flue-gas additives to pro-
mote mercury oxidation can increase overall mercury capture, decrease compli-
ance costs, and/or reduce activated carbon requirements. The efficacy of halogen-
based oxidizers is subject to a number of operational parameters (e.g., flue-gas
temperature, unburned carbon, and ash alkalinity), and as such, low-cost trial
demonstrations are often used to show results.
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Catalysts for the Oxidation of Mercury
April Freeman Sibley

15.1
Introduction

In December of 2011, the United States Environmental Protection Agency (EPA)
issued an emissions standard aimed primarily at mercury but an extensive list
of other hazardous air pollutants as well. The regulation was finalized in Febru-
ary of 2012. Targeted toward coal and oil-fired electric generating units, this rule
requires applied and potentially newly installed emission control technologies to
meet these standards using a maximum achievable control technology application
as stemming from the Clean Air Act. In response to this regulation, it has been
noted that an approach of utilizing existing emissions control systems retrofitted
in the current fleet and capitalizing on a co-benefit strategy as a likely option.

This section discusses the applicability of selective catalytic reduction (SCR) cat-
alysts in the oxidation of mercury contained within the flue gas from coal combus-
tion as it pertains to mercury control using existing technology. Through various
operating conditions, multiple responses to varying levels of mercury oxidation
can be observed. Factors that affect mercury oxidation include temperature, halo-
gen concentration in the flue gas (from the coal type burned), flow rate, and rate
of deNOwx (or ammonia concentration in the flue gas). By optimizing the rate of
mercury oxidation, co-benefit capture can be observed downstream in the wet
FGD (flue gas desulfurization) vessel and this could make it easier to comply with
potential future mercury emissions regulations. Contained within this section are
various tables, figures, and data to substantiate this application.

15.1.1
Process Overview

Mercury emissions from coal-fired boilers can be characterized into three main
forms: elemental mercury (Hg®), oxidized mercury (Hg?*), and particle-bound
mercury (HgP). The concentration of Hg®, Hg?*, and HgP primarily depends on
coal composition and combustion conditions. During combustion, Hg? is liber-
ated from coal. In the high-temperature regions of coal-fired boilers, mercury
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Figure 15.1 Typical behavior of mercury.

in coal is volatized and converted into the elemental form. However, depending
on the coal type, a significant fraction of the mercury can be oxidized, as well as
become associated with the fly ash particles in the post-combustion environment
of a coal-fired boiler. Relative to Hg®, Hg?*, and HgP are more effectively captured
in conventional pollution control systems, such as FGD systems, fabric filters, and
electrostatic precipitators (ESPs). The identification of a process for converting
Hg® to Hg?" and/or HgP forms would improve the mercury removal efficiencies of
existing pollution control systems. Mercuric chloride compounds are soluble and
can be captured in FGD systems used for SO, removal. It is known that the cata-
lysts used for SCR of NOx compounds can exhibit the co-benefit of promoting
mercury oxidation. In addition to catalyzing the decomposition of NOx com-
pounds to form nitrogen and water, the metal contents of the SCR catalysts have
been shown to aid in the oxidation of elemental mercury into a water-soluble
compound form. Figure 15.1 depicts the behavior of Hg through a typical eastern
bituminous SCR-ESP-wFGD (wet flue gas desulfurization) system [1].

15.2
Hg Oxidation and Affecting Parameters

Upon focusing on the operations of the SCR and its affect on the oxidation of mer-
cury, itis important to note some key areas. The potential contributing factors that
can affect mercury oxidation across the SCR reactor include reaction with the cat-
alyst, increased residence time, change in flue gas chemistry (including, but not
limited to, the reduction in NOx concentration), and reaction with NH,. Some
tests conducted within various electric generating fleets show clearly that for low-
halogen flue gases, increases in flue gas chlorine and/or bromine levels will have
beneficial effects on SCR mercury oxidation. To capitalize on this effect, facilities
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may consider the artificial adjustment of halogens, through direct injection or fuel
additives. In addition, tests have shown that direct injection of hydrogen chloride
before an SCR can enhance mercury oxidation across the SCR and this will likely
enhance the overall mercury removal at sites equipped with an SCR-ESP-wFGD.
The data show that lower temperature operation of the SCR will help maximize
SCR mercury oxidation. Thus, in designing both retrofit and green-field facili-
ties, lower SCR operating temperatures aid in mercury oxidation and capture. For
green-field installations, boiler/SCR designs that provide for generally lower SCR
temperatures will help maximize the achievable mercury oxidation through the
SCR, at least with conventional catalysts. Lower operating temperatures also have
potential benefits in terms of minimizing SO, oxidation to SO, but the benefits
of lowering the SCR temperature must be weighed against the possible loss of
catalytic activity for NOx decomposition (removal).

15.2.1
Hg® Oxidation Reaction Mechanism

On the basis of experimental data available, theories suggest that elemental mer-
cury conversion can occur either through a homogeneous or heterogeneous oxi-
dation. In terms of rate order, it appears that the heterogeneous reaction occurs
at a faster rate than the homogeneous reaction. Both reactions, however, have a
commonality of kinetics limitation. Factors affecting oxidation reaction kinetics
include any of the following: fuel type, halogen content of coal, SCR catalyst age
and/or type, SCR reactor temperature, and space velocity.

15.2.2
Homogeneous Oxidation of Mercury

During the homogeneous oxidation reaction, elemental gas-phase mercury reacts
with other gas-phase constituents, primarily halogens, to achieve oxidation. There
is a very specific temperature window of 400—700 °C in which this occurs. This
temperature range is key to the abundance of halogen radicals, namely, chlorine,
allowing for sufficient oxidation to occur. It is then that the mercury undergoes two
steps to reach a more favorable oxidized state, in the form of water-soluble HgCl,.
The following equations represent what chemically occurs during the homoge-
neous oxidation of mercury.

Hg(g) + Cl(g) — HgCl(g) (15.1)
HgCl(g) + HCl(g) — HgCl,(g) (15.2)

15.2.3
Heterogeneous Oxidation of Mercury over SCR Catalysts

We can propose numerous reaction mechanisms to describe heterogeneous
catalytic reactions. The mechanism described as a catalytic reaction will
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often fall into one of these three categories: (i) Langmuir—Hinshelwood; (ii)
Mars—Maessen/Mars—van Krevelen; or (iii) Eley—Rideal.

The Langmuir—Hinshelwood mechanism involves reaction of two adsorbed
species on the catalyst to form the product, as shown:

A(g) < A(ads)
B(g) < B(ads)

ksurf

A(ads) + B(ads) —— AB(ads)
AB(ads) - AB(g)

where A could represent mercury and B could represent a halogen such as
chlorine.

The Mars—Maessen or Mars—van Krevelen mechanism involves reaction
between an adsorbed species (in our case, mercury) and lattice oxygen, or halo-
gen from the catalyst to form the product. The oxygen or halogen is replenished
from the gas. The mechanism is depicted here for oxidation of species A by lattice
oxygen of the catalyst.

A(g) < A(ads)
A(ads) + MxOy — AO(ads) + MXOy_1

1
MO, + 502 - M,0,
AO(ads) — AO(g)

The Eley—Rideal mechanism involves a gas-phase species reacting with an
adsorbed species to form the product. The mechanism is depicted here.

A(g) < A(ads)
A(ads) + B(g) i) AB(g)

where A could represent mercury and B could represent a halogen atom such as
chlorine.

Niksa and Fujiwara [2] suggest that ammonia and HCI strongly adsorb to the
surface of the SCR catalyst, thus creating an environment for surface site adsorp-
tion competition. The elemental mercury either in the gas phase contained within
the flue gas itself, or as a weakly adsorbed species, eventually contacts the chlori-
nated sites and the oxidation reaction occurs. The form of this reaction follows the
Eley—Rideal rate expression describing the mercury oxidation rate as a function of
the ammonia/NOx ratio and concentrations of elemental mercury and HCI at the
inlet of the SCR as well as catalyst pitch and channel shape, SCR temperature,
and the gas space velocity [2]. Other mechanisms suggest that elemental mer-
cury reacts with other constituents either in the gas phase or on the surface of
the catalyst or some other solid particle (such as unburned carbon or fly ash),
before converting to the more stable HgCl, form. No one mechanism, however,
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has been verified as the primary reaction mechanism for mercury oxidation, pos-
sibly because of the multiple components comprising both the catalysts and the
flue gas in a real power plant setting. For example, although we may speculate that
the tungsten and vanadium species of the SCR catalyst comprise the active phase
for mercury oxidation, we must note that there will also typically be catalytically
active fly ash particles (containing carbon and numerous metal oxides) present on
the catalyst. In addition, if we suggest that a halogen such as adsorbed chlorine
on the surface of the catalyst is primarily responsible for the oxidation of mer-
cury, we must note the possibilities (likelihood) of adsorbed oxygen and bromine
participating in the oxidation of mercury as well.

1524
SCR Operation-Hg® Reaction Effects

Because of the limited knowledge of the exact reaction that occurs during
mercury oxidation, little information is available with regard to the effect of
operational conditions within the SCR itself. To better understand operational
effects, some data has been collected during an array of laboratory and pilot
scale tests. One particular test conducted between Southern Company and Gulf
Power, Electric Power Research Institute (EPRI) and W.S Hinton and Associates,
investigated the mercury oxidation behavior of several different commercial
SCR catalysts across various operating conditions. The testing occurred at the 5
MWe Mercury Research Center (MRC) located in Pensacola, FL. at Gulf Power’s
Plant Crist. Parameters such as halogen content in the flue gas, flue gas flow rate,
temperature, and ammonia injection, were all varied to measure the mercury
oxidation response to these changes.

Research has demonstrated the inhibitive effect of ammonia on the process of
oxidizing mercury. Tests have demonstrated that in a low-ammonia concentra-
tion environment, the vast majority of the mercury oxidation was observed to
have occurred across the first two layers of the three-layer SCR. In the instance of
increasing and subsequent high-ammonia concentrations, the reaction zone for
the mercury oxidation tended to shift further down in the SCR reactor occurring
in the third layer. In one test program performed at the Mercury Research Center
in particular, there was a marked increase in the amount of oxidized mercury fur-
ther down in the SCR catalyst layers, particularly at lower ammonia injection rates.

Owing to the host unit’s fuel source containing a very low level of native chlorine
in the coal, opportunity existed to vary the levels of halogens into the flue gas to
measure the response of mercury oxidation. For the sake of this particular test,
chlorine was injected as HCI gas directly into the flue gas. Injection levels ranged
from 0 to 150 ppm of chlorine and to ensure minimal interference from ammonia
being injected, a constant alpha ratio of 0.9 (or 90% deNOwx) was maintained. It was
observed that there was indeed a positive response to mercury oxidation levels as
the injection rate of chlorine increased.

A key component of any chemical reaction, temperature was varied to observe
the response of the mercury oxidation levels. DeNOx activity tends to improve as
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temperature increases. In addition, the conversion of SO, to SO, also increases
with increasing temperature. Conversely, the rate of mercury oxidation decreases
as the temperature increases. Typically, for a constant rate of gas flow, given a
certain geometry of the catalyst pitch, the temperature change will also result
in a volumetric flow change. High- and low-temperature operating conditions
were created in conjunction with slightly different ammonia injection rates while
increasing the chlorine concentration in the flue gas. Although there were varying
conditions affecting data collection, the data do show a decline in mercury oxida-
tion as the temperature is increased. It is noted that mercury is a semi-noble metal,
and the thermal decomposition temperatures of its compounds, such as mercuric
chloride, are relatively modest, possibly explaining this observed effect.

Although it is observed to not have as large an effect on mercury oxidation as
other parameters, the flow rate through the SCR was varied and response to mer-
cury oxidation measured. It was noted that flow rate changes in addition have
an effect on residence time (gas contact time across the catalyst), mass trans-
fer, and ammonia slip, thus ultimately affecting mercury oxidation. As the flow
rate increased, the rate of mercury oxidation decreased, which could be linked to
the lowered residence (contact) time and increased ammonia slip throughout the
reactor.

On the basis of the research conducted, some general conclusions can be drawn
from the data collected. They include (i) chlorine content has no apparent effect
on deNOx rate, (ii) chlorine concentrations are effective from 0 to 50 ppm, (iii)
mercury oxidation is a function of specific surface area of the catalyst, and (iv)
lower temperatures within the SCR reactor increase mercury oxidation rates.

15.2.5
Hg° Oxidation and SO,/SO, Conversion

In addition to the deNOx and mercury oxidation properties that SCR catalysts
possess, there is the ability to oxidize SO, (present in the flue gas) to SO;, with
conversion being represented by the following equation:

SO, +1/2 0, — SO, (15.3)

The SO; produced can then combine with water vapor in the flue gas to pro-
duce sulfuric acid. Other potential side reactions that can occur in the presence
of excess ammonia include the formation of ammonium sulfate and ammonium
bisulfate, which can have adverse reactions on both catalyst performance as well as
downstream equipment performance (namely, the air preheater). Through proper
operation of the SCR (including minimizing ammonia slip, minimizing SO, con-
version through catalyst formulations, controlling temperature, etc.), ammonium
sulfate and ammonium bisulfate formation can be reduced. Formation reactions
are described here:

2 NH; + SO; + H,0 — (NH,),SO,(Ammonium Sulfate) (15.4)
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NH, + SO; + H,0 — NH,HSO,(Ammonium Bisulfate) (15.5)

In an ideal situation, the SCR catalyst would promote the oxidation of mercury
and removal of NOx in the flue gas while minimizing the conversion of SO, to
SO,. Typical SCR operating conditions have made this balance difficult, espe-
cially when it has been observed that SO, strongly reduces elemental mercury
oxidation at high temperatures (>662 °F) [4]. In laboratory operations, catalyst
manufacturer Hitachi has observed that while SO, conversion rates of conven-
tional SCR catalysts have decreased, corresponding rates of mercury oxidation
have decreased. This suggests a close correlation between both mercury oxidation
activity and SO, conversion activity. It is noted that vanadium oxides are well-
known commercial catalysts for the oxidation of sulfur dioxide to sulfur trioxide,
and are also a key component of the SCR catalysts.

By changing the active composition of catalysts, one could also control activity
of the catalyst, which would affect all of the chemical reactions. Research has
shown that the active metal components contained in the SCR catalyst have
demonstrated this direct effect on both the conversion of SO, to SO, and mercury
oxidation. In a test conducted by Schwaemmle et al. [5] V,05 and WO, concen-
trations were varied to measure the effects on deNOx and SO, —SO; conversion.
By reducing the amount of V,0; in the catalyst, a decrease in SO, conversion
was observed. In addition, the removal of WO, and subsequent addition of Cu
to the catalyst composition resulted in an increased SO, —SO; conversion and a
higher deNOx activity. By altering the active catalyst compositions while noting
performance, such data can aid manufacturers in catalyst development, achieving
high deNOx and high mercury oxidation while keeping SO,-SO5 conversion
relatively low. Both the removal of NOx as well as oxidation of elemental mercury
occur on the surface of the catalyst, and the SO, conversion is a diffusion-limited
reaction that occurs within the catalyst itself. According to Gretta et al. [4], the
reaction rate of SO, to SO5 conversion is slower than the diffusion velocity of
SO, through the catalyst and the reaction rate of mercury oxidation is faster than
the diffusion velocity of the mercury through the catalyst owing to its molecular
weight. This means that the SO, conversion is controlled by the oxidation rate,
which is controlled by the active composition of the SCR catalyst. In order to
develop the area of optimizing mercury oxidation using SCR catalysts, design
must take into account the amount of active components in the catalyst. By
altering the catalyst based on the reaction mechanism, allowing the more active
sites to oxidize mercury instead of converting SO, to SO, higher oxidation rates
can be achieved while maintaining low conversion rates [4].

153
Conclusions and Future Research

While much research has been done to understand the impacts of SCR opera-
tions on mercury oxidation, there is still a need to gain better insight on the actual
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reaction mechanism. This need is the key to being able to predict oxidation per-
formance given a plethora of catalyst types and formulations. Given certain SCR
inlet conditions as well as catalyst properties, one could essentially predict the fate
of the mercury across the SCR as well as in downstream equipment, namely, the
ESP and eventually the wFGD.

In terms of operations, it is noted that changes in flow rate did not appear to have
significant impact upon mercury oxidation. This is important to note because in
the case of a load change, the change in temperature is expected to have the great-
est impact, rather than any effects due to flow rate. This holds given a moderate
turndown in load (roughly 60%). More extreme turndowns may see larger effects
in which flow rate does play a significant role, but facilities should not assume
that low load conditions are necessarily beneficial in terms of mercury oxidation,
especially in cases where the flue gas temperatures do not change significantly [3].
The data also indicate that changes in ammonia will affect the amount of mercury
oxidation through the SCR. From the results found, the total effect of SCR reactor
conditions is not well noted, but the relationship between ammonia concentration
and mercury oxidation performance has been identified.

Available data can be used in a relative sense to determine how various oper-
ational changes will affect mercury-related parameters; however, the industry
would benefit from information from other catalyst formulations, such as newer
formulations designed to enhance the oxidation of elemental mercury, ultralow
SO, conversion catalysts, and regenerated and spent catalysts. New information
will help utilities develop catalyst management strategies to maximize and
maintain high levels of oxidized mercury from outage to outage. From a com-
pliance perspective, being able to predict and optimize mercury oxidation using
current air pollution control equipment, namely, the SCR, would provide cost-
effective options for electric generating fleets, avoiding higher installation costs
of more capital-intensive control technologies in an effort to meet a stringent
standard.
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16
Mercury Capture in Wet Flue Gas Desulfurization Systems
Gary Blythe

16.1
Introduction

This section discusses mercury removal by wet flue gas desulfurization (FGD) sys-
tems installed to remove sulfur dioxide (SO,) from coal flue gas. This is often called
co-benefit mercury removal because wet FGD systems are generally installed to
remove SO,, but many achieve a substantial amount of mercury removal from
the flue gas as well.

Wet FGD systems work by circulating an alkaline slurry that contains lime or
limestone, or a sodium-based alkaline solution, through a flue gas contactor or
“absorber vessel” to remove SO, and other acid gases from the flue gas. Figure 16.1
is an illustration of a limestone forced oxidation (LSFO) wet FGD process, showing
the main components of reagent preparation, flue gas handling and SO, absorp-
tion, and by-product dewatering. While most wet FGD systems were not originally
designed to remove mercury from flue gas, there can be considerable co-benefit
capture of mercury under favorable conditions.

As described in earlier sections, mercury in the gas phase of coal flue gases is
present in two main forms: elemental or metallic mercury (Hg®) and oxidized or
ionic mercury (Hg?*), with a small amount present as particulate-bound mercury.
Oxidized mercury is believed to be present primarily as mercuric chloride (HgCl,)
under most circumstances, but may include mercuric bromide if bromide is added
to the coal or flue gas to enhance mercury oxidation.

Of the two major mercury forms in flue gas, the elemental form is exceedingly
insoluble in aqueous solutions and therefore is not removed at significant percent-
ages in wet FGD absorbers. In contrast, the oxidized forms, as mercuric chloride
or mercuric bromide, are very soluble and absorbed into the FGD scrubbing slurry
at high efficiency — at or near the gas-film mass transfer limit of the FGD absorber.
In most modern FGD systems, the gas-film limit represents 95—-99+% capture of
soluble gas-phase species from the FGD inlet flue gas.

Thus, ideally, of the oxidized mercury in the FGD inlet flue gas, a high percent-
age should be absorbed into the scrubbing slurry. For example, if the total mercury
at the FGD inlet is 60% in the oxidized form, approximately 57% to greater than
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Figure 16.1 Typical limestone forced oxidation wet FGD process.

59% of the total mercury should be absorbed. However, the net removal of oxi-
dized mercury across the FGD system is often limited to lower percentages by
a phenomenon called mercury reemission, or reemissions. In this phenomenon,
a portion of the absorbed oxidized mercury undergoes chemical reduction reac-
tions while dissolved in the aqueous phase, and is converted to the relatively insol-
uble elemental form. Once converted, it is released from the aqueous phase back
into the flue gas. Evidence of reemission is seen when the FGD outlet or stack flue
gas elemental mercury concentration is measured to be greater than the FGD inlet
elemental mercury concentration. Reemissions are discussed in greater detail later
in this section.

In the remainder of this section, the capture of oxidized mercury by wet FGD
systems is described using two different terminologies to account for the effects
of reemissions in limiting net mercury removal. Mercury “absorption” or “cap-
ture” is used to describe the transfer of oxidized mercury in the flue gas into the
dissolved state in the absorber recirculating slurry, before any reemission reac-
tions. This could be considered the gross capture or removal of oxidized mercury
by the FGD system. In contrast, the term net removal describes how much oxi-
dized mercury is removed from the inlet flue gas across the FGD system after
considering the limitations imposed by reemissions. The initial mercury absorp-
tion or capture into the FGD slurry liquor is typically in the range of 95-99+%
of the oxidized mercury in the FGD inlet flue gas, while the net removal could be
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anywhere in the range of 0—99+%, depending on how significant the reemissions
might be. In some cases, the mercury removal across an FGD system can appear
to be negative, when in a transient circumstance the inlet mercury concentration
to the absorber(s) is lower than the concentration produced by the reemission of
mercury from the FGD slurry liquor.

16.2
Fate of Net Mercury Removed by Wet FGD Systems

16.2.1
Phase Partitioning

Mercury is initially absorbed from the flue gas into the liquid phase of the absorber
slurry. Once absorbed, it can either remain in the liquor, undergo reemission reac-
tions and be released back into the flue gas as elemental mercury, or be adsorbed
or precipitated into the slurry solids.

After being absorbed and dissolved into the aqueous phase of a wet FGD recir-
culating slurry, oxidized mercury becomes a cationic (positively charged ionic)
species. Considering the mercuric salts of the major FGD anionic (negatively
charged ionic) species such as sulfate, sulfite, chloride, and carbonate, mercury
would be expected to remain in the liquid phase of an FGD slurry; all of these
mercuric salts are very soluble. However, the many trace elements present in
FGD slurries enter the FGD system by absorption from the flue gas, by capture
of fly ash from the flue gas, or from the lime or limestone reagent. Some of these,
such as iron (Fe3*) precipitate in FGD slurries, form fine (small particle size)
ferri-hydroxides (Fe,(OH),) that can adsorb and/or coprecipitate heavy metals
such as mercury. Others such as reduced forms of sulfur (sulfide) and selenium
(selenide) form very insoluble salts with oxidized mercury and can result in the
precipitation of mercury salts from the aqueous phase into the slurry solid phase.
Any or all of these species could be present in FGD slurries in concentrations
sufficient to cause a significant phase change of oxidized mercury from the
aqueous phase to the solid phase.

The actual mechanism for mercury adsorption/coprecipitation into the solids
is not well understood. A number of theories have been considered, and include
mercury adsorption/coprecipitation with iron hydroxide fines [1], precipitation
as mercuric sulfides [2], or precipitation as mercuric selenides (Bloom, N. (2011)
URS Corporation. Personal communication with Gary Blythe, August 2011) and
others.

Whether the mercury is found in the slurry solids or liquor is often called the
mercury phase partitioning. Electric Power Research Institute (EPRI) investigated
the phase partitioning of mercury in U.S. wet FGD systems and found that the
absorbed mercury can be partitioned over a wide range, from primarily in the
slurry liquor to primarily in the slurry solids [3]. Two decades ago, Gutberlet et al.,
observed that mercury was found primarily dissolved in the liquor phase of LSFO
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or gypsum (CaSO,-2H,0) producing wet FGD systems, but primarily in the solid
phase of low-oxidation FGD systems that produce calcium sulfite hemihydrate
(CaSO;-15H,0) as a by-product [4]. At first, this was puzzling to EPRI researchers
collecting mercury phase partitioning data on U.S. wet FGD systems, because as
mentioned a wide range of mercury partitioning was measured in LSFO systems.

However, on further analysis of the data collected, it was observed that the
mercury phase partitioning in forced oxidation FGD systems correlated with
the oxidation-reduction potential (ORP) measured in the absorber recirculating
slurry. ORP is measured in millivolts and provides a measure of how electrochem-
ically oxidizing or reducing is the chemical environment in an aqueous solution.
The more positive the ORP the more oxidizing the environment, while the more
negative (or closer to zero) the ORP the more reducing the environment.

ORP measurements are relative to a reference electrode also inserted into the
aqueous environment, and each electrode type has its own characteristic electro-
chemical potential. A “standard hydrogen electrode” (SHE) is defined as having a
potential of 0 mV, and this is the defined basis for ORP measurements. Field mea-
surements require a more rugged reference electrode than the SHE, so most FGD
ORP measurements are made with a silver/silver chloride electrode in a solution
of potassium chloride (Ag/AgCl in KCI), with the KCl solution either 4-M or satu-
rated in concentration. The ORP measurements discussed in this section were all
made relative to an Ag/AgCl reference electrode in 4-M KCI, and are reported as
measured. These measurement results should have approximately 200-mV added
to them to make them equivalent to measurements with a SHE.

Figure 16.2 shows EPRI data for mercury phase partitioning in U.S. wet FGD
systems as a function of ORP measured in the absorber slurry. The data for
LSFO systems show a consistent trend of increasing percentage of mercury in
the liquor phase of the slurry as the ORP increases, although with a few outliers.
The linear least-squares fit of the data shown in the plot has an R? value of 0.9,
indicating a relatively good fit. The LSFO systems show a wide range of mercury
partitioning, from virtually all in the solids to greater than 80% in the liquor, over
a relatively wide range of ORP from less than 100 to over 600 mV. The underlying
mechanism for this apparent correlation with ORP in LSFO systems is not yet
fully understood.

The data for low-oxidation (calcium sulfite producing) FGD systems show ORP
values of approximately +50 to —50 mV, and the mercury is found primarily in the
solid phase. However, the data do not fit the linear correlation made for the LSFO
systems, and the reason for the different response to ORP is not apparent.

16.2.2
Mercury in FGD By-product Streams

The recirculating slurry in wet FGD systems contains mostly by-product solids
(gypsum in LSFO systems and calcium sulfite in low-oxidation systems) with a
small amount of lime or limestone reagent present to provide alkalinity. The reac-
tions with flue gas SO, produce solid by-products that must be purged periodically
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Figure 16.2 Apparent relationship between ORP and phase partitioning of mercury in an
FGD absorber slurry. (Reference [5].)

to limit the concentration of suspended solids in the recirculating slurry. This
absorber purge stream is dewatered in up to two stages, to produce a damp solid
by-product and a low-solid-content liquor stream. In LSFO systems, a portion of
the low-solid-content liquor stream is commonly purged to bleed soluble chlo-
rides from the FGD system to prevent excessive chloride concentrations, while
the remainder is returned to the absorber. In sulfite-producing wet FGD system:s,
the sulfite by-product does not dewater as well as gypsum; a separate chloride
stream may not be needed, as the water leaving with the dewatered calcium sulfite
by-product may adequately control chloride concentrations.

Generally, LSFO systems use hydrocyclones for the first dewatering step,
whereas sulfite-producing systems use thickeners (sometimes called clarifiers)
for the first dewatering step. Figures 16.3 and 16.4 illustrate these two primary
dewatering processes. Some early LSFO systems use thickeners for the first
step, but hydrocyclones are almost never used in sulfite-producing systems.
Both device types produce a low-solid-content liquor overflow and a high-
solid-content underflow that can be further dewatered in secondary dewatering
processes such as horizontal vacuum belts, drum vacuum filters, or centrifuges.
Hydrocyclones produce an overflow that contains approximately 1-5wt% fine
suspended solids, whereas well-performing thickeners produce an overflow with
only part-per-million levels of very fine suspended solids. Correspondingly, the
two devices produce a different distribution of solids between their overflow and
underflow streams.

Hydrocyclones tend to send most of the fine solids in the feed stream to
their overflow and most of the coarser solids to their underflow. In contrast,
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Figure 16.4 lllustration of a thickener-type FGD primary dewatering system (typically one
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well-performing thickeners send almost all of the solids in the feed stream, both
fine and coarse, to the underflow. Thus, FGD systems with hydrocyclones tend to
recycle an appreciable percentage of fine solids back to the absorber, whereas in
systems with thickeners the solids are essentially once through (i.e., no recycle of
fine solids).

The sulfite oxidation mode and the types of dewatering devices used in wet FGD
systems are described here because they can have a significant impact on how
mercury distributes among the solid and liquid by-product streams leaving a wet
FGD system. It has generally been observed that mercury is enriched in fine (<20-
pm-diameter) solids and is found in a lower concentration in larger solids [5]. This
means that in FGD systems with hydrocyclones, the mercury in fine solids tends to
get recycled back to the absorber. Because the fine solids have a higher concentra-
tion of mercury, the absorber slurry tends to have a higher mercury concentration
than the gypsum by-product (hydrocyclone underflow). In systems with thicken-
ers for primary dewatering, the absorber solids tend to have nominally the same
mercury concentration as the solid by-product, as the solids are essentially passed
through with no size separation.

In systems where most of the mercury is found in the slurry liquor (mostly
LSFO systems operated at high ORP), there can be considerable mercury recycle
back to the absorber in the hydrocyclone overflow slurry, which is mostly liquor
rich in mercury and mostly returned to the absorber. Such a recycle is less com-
mon in FGD systems with thickeners, because most are sulfite-producing FGD
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systems that operate at low ORP where mercury mostly partitions to the solids,
and because it has been observed that liquid-phase mercury concentrations tend
to decrease across the thickener. This is likely due to the long residence time in a
thickener, during which mercury adsorption and/or precipitation into the solids
(or possibly reemission to the atmosphere) can occur.

Correspondingly, in systems that use thickeners for primary dewatering, par-
ticularly sulfite-producing wet FGD systems, nearly all of the mercury removed
by the wet FGD system leaves with the solid by-product stream. This is largely
because in sulfite-producing wet FGD systems, most of the mercury captured by
the FGD system is found in the solids. Also, calcium sulfite hemihydrate does not
dewater as well as gypsum, so sulfite-producing FGD systems may not require
a separate chloride purge stream to control chloride concentrations in the FGD
absorber slurry liquor. Thus, there is not a second by-product stream in which
mercury can leave the FGD system.

In gypsum-producing wet FGD systems, the mercury removed can be dis-
tributed between the gypsum by-product, the chloride purge liquor, and the
chloride purge suspended solids. The distribution of mercury among these
by-products depends primarily on the ORP at which the absorber(s) operate,
the type of primary dewatering device employed, and the weight percent solids
in the chloride purge stream. For example, in LSFO systems with a thickener
as the primary dewatering device and that operate at low ORP, nearly all of
the mercury leaves the FGD system in the gypsum by-product. In contrast,
in FGD systems with hydrocyclones for primary dewatering, which operate at
high ORP, and/or contain significant fine solids content in the chloride purge
stream (e.g., several weight percent solids), the solid and/or liquid portion of
the chloride purge stream can represent a significant percentage of the mercury
discharge.

16.3
Mercury Reemissions

16.3.1
Definition and Reporting Conventions

As described earlier in this section, mercury reemission describes a phenomenon
where oxidized mercury in the flue gas is absorbed in the wet FGD scrubbing
slurry, then chemically reduced to the relatively insoluble elemental form and
released back into the FGD outlet flue gas. Evidence of reemission is seen when
the FGD outlet elemental mercury concentration is greater than the inlet flue gas
elemental mercury concentration, when the two concentrations are expressed on
a comparable basis (e.g., Ib TBtu™! or pg Nm=3@ 3% O,).

However, it should be noted that making mercury concentration and speciation
measurements is sometimes difficult, and FGD inlet and outlet flue gas conditions
are much different in terms of temperature and moisture content. Reemissions
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are quantified by subtracting one measurement result from another, which
often involves subtracting one large number from another to quantify a smaller
number by difference. This measurement by difference between two significantly
different flue gas matrices can lead to measurement errors. Consequently, it
is the author’s opinion that reemission levels <0.5pgNm=@3% O, (less than
about 0.31b TBtu™!) difference between the FGD inlet and outlet elemental
mercury concentrations may be within measurement error. Only if such apparent
reemission levels are seen consistently in a series of measurements might such
levels be considered “real.” Even if the measurement data are consistent, it is
possible that apparent reemissions are actually measurement bias artifacts.
Several conventions are used to express reemission levels across an FGD system
besides the elemental mercury concentration increase across the FGD system, as
described earlier. One is to calculate an observed elemental mercury removal per-
centage based on FGD inlet and outlet elemental mercury concentrations:

Reemission percentage = (inlet Hg® —outlet Hg?) + inlet Hg” x 100

with reemission being represented by a negative value. However, this percentage
can be deceiving because the size of the result is dependent on how large is the
inlet elemental mercury concentration. Instead, the author prefers to express ree-
mission levels as a percentage of the inlet oxidized mercury concentration, as it is
the oxidized mercury that is removed by the wet FGD system and reduced to the
elemental form:

Reemission percentage = (outlet Hg” —inlet Hg") + inlet Hg** x 100

Also, this percentage is a reasonably accurate measure of how much reemission
has reduced the overall net mercury removal across the FGD system. However,
this percentage result can be misleadingly high when the inlet flue gas contains
mostly elemental mercury and/or the inlet oxidized mercury concentration is low.
In general, it is best to show reemission levels both as a concentration increase
and as a percentage of the inlet oxidized mercury concentration. The two conven-
tions for reporting together provide the best overall measure of how significant
the observed reemissions might be.

Table 16.1 illustrates mercury measurements made across an LSFO wet
FGD system that was experiencing significant levels of reemissions, both when
expressed as an elemental mercury concentration increase across the absorber
and as a percentage of the inlet oxidized mercury [6]. In this example, the FGD
inlet mercury is 76% in the oxidized form; therefore, in the absence of reemissions
approximately 72% to nearly 76% overall mercury capture across the FGD system
would be expected. The measured capture percentage of oxidized mercury
was high at 95%. However, the measured reemissions (by the Ontario Hydro
method [7]) were significant, representing an increase in elemental mercury
concentration across the FGD system of 3.4 pgNm™ @ 3% O,, or reemission of
49% of the inlet oxidized mercury. Thus, the net overall mercury capture across
the FGD system was limited to only 34% of the FGD inlet total mercury instead
of the expected 72-76%.
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Table 16.1 Example of reemissions from an LSFO wet FGD system.

Parameter (all Hg concentrations corrected to 3% O,) FGD inlet flue gas Stack flue gas
Hg® (ugNm~3) 2.2 5.7
Hg*? (ngNm™3) 6.9 0.38

% Oxidized Hg 76 —
Total Hg (ug Nm™3) 9.2 6.1
Hg*? capture (%) — 95

Hg® reemissions (ug Nm~—3) — 3.4

Hg reemissions, % of inlet Hg*? — 49
Overall Hg removal (%) — 34

Source — Ref. [6].

16.3.2
Reemission Chemistry

The primary reaction that produces reemission from FGD systems is believed to
be an aqueous oxidation-reduction reaction between absorbed SO, and absorbed
oxidized mercury. The overall reaction is shown as follows:

Hg**(aq) + HSO, ™ (aq) + H,0(aq) < Hg" 1 (gas) + SO,* (aq) + 3 H*

where HSO,™ (bisulfite ion) represents absorbed SO, in an ionic form at lower
pH. However, this reaction is actually the net result of a number of reactions that
appear to be kinetically limited at FGD conditions (i.e., they do not always proceed
to chemical equilibrium).

The U.S. Department of Energy and EPRI funded a research project to inves-
tigate the kinetics of mercury reactions in the aqueous phase of wet FGD slur-
ries, and fundamental studies were conducted in both an ultraviolet/visible spec-
trophotometer and in a bench-scale wet FGD simulator [8]. Those results showed
that in simple simulated FGD solutions, reemission rates slowed as sulfite con-
centrations increased. This was determined to be the result of the formation of
a disulfite complex with oxidized mercury that is more stable than a monosulfite
complex with oxidized mercury, according to the following reactions:

Hg™ + SO, < HgSO,
HgSO, + SO, < Hg(S03),™”

It was determined that the monosulfite complex decomposes to produce the
reemission reaction, as follows:

HgSO, + H,0 — Hg’ 1 +SO, > + 2 H*

However, with the addition of chloride to the synthetic FGD liquor, the reemis-
sion reaction rates slowed markedly, in proportion to the chloride concentration
in the liquor. The effect is apparently the result of the formation of mercuric chlo-
ride complexes that are more stable (less likely to produce reemission reactions)
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than the mercury-sulfite complexes. Figure 16.5 provides an illustration of the
proposed reactions involved in mercury reemissions in a relatively simple aque-
ous environment containing only mercuric ion, sulfite, and chloride. Bromide and
iodide anions were found to form increasingly stronger complexes than chloride
(in that order) when compared on a molar concentration basis, but these halogens
are much less abundant in U.S. coals than chloride, and are correspondingly found
in lower concentrations in wet FGD liquors.

Other FGD variables such as pH were found to have a complex relationship
with sulfite and chloride concentration in their effects on reemission rates (i.e., no
consistent trends over the typical range of values for FGD systems). Some species
found in FGD systems were found to have a direct impact on reemission rates,
most likely because they are reducing species themselves and may directly reduce
oxidized mercury in the FGD liquor. Examples of this phenomenon include thio-
sulfate ion (present in inhibited oxidation FGD systems) and some sulfur-nitrogen
species (present in many FGD systems, particularly those that do not have a high-
efficiency NO, control system upstream of the FGD).

This research also identified that reemission rates are directly proportional to
FGD liquor mercury concentrations. As described, there are mechanisms that
result in the transfer of mercury from the liquid phase to the solid phase of the
FGD slurry. Reemission reactions occur predominantly in the liquid phase, so
mercury precipitated or adsorbed into the solid phase is less likely to reemit. Cur-
rent research funded by EPRI is focused on developing kinetics for mercury pre-
cipitation or adsorption from the liquid phase to the solid phase in FGD slurries,
and on identifying the mechanisms for this phase transfer [5].

The species that cause mercury to transfer to the solid phase (e.g., iron hydrox-
ides, sulfide, or selenide) have limited capacity to precipitate or adsorb mercury.

HgCl,(gas)
HgCl, 1+2
I £0F £CI- Hg +H0
~H,0
HgCly~ HgCI* , [ - HgOH* + H*
+50472 || -804~
JECAN Jxcr I +Hz0
HgCl Hg(OH), + H*
2 o HgSO5 +SO3’2 g(OH),
I + 80372‘%v \
- 2
CIHgSO5~ * —S0s Hg(S0g), 2
+H,0
I +CI + H,0
-CI- 0 _
CI2HgSOS’2 Hg” + HSO,~ + H*
It
Hg® (gas)

Figure 16.5 lllustration of proposed chemical reactions for mercuric ion, sulfite, and chlo-
ride in an aqueous environment [8].
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Thus, the ratio of oxidized mercury concentration in the FGD liquor to the con-
centrations of these species may impact the amount of mercury that remains in
the FGD liquor rather than transferring to the solid phase.

The phase change from the liquor to the solids serves as the basis for the so-
called FGD reemission additives, which are added to FGD slurries to control ree-
missions and improve overall co-benefit capture of mercury. Reemission additives
are discussed subsequently.

16.3.3
Reemission Additives

A number of vendors offer additives that can be used to limit or even completely
eliminate reemissions. Most reemission additives are compounds that contain sul-
fide (R-S) or thiol (R—S—H) groups (where R represents the remainder of the
molecule). Some are based on sodium or calcium molecules, while others have
an organic base molecule. Of the organic-based molecules, the base species can
either be a single molecule or a polymer.

The principle of operation of reemission additives is that they either precipitate
or form very strong complexes with ionic mercury in aqueous solutions. Several
of these additives are commonly used in industrial wastewater treatment pro-
cesses to remove mercury and other metals from waters, and have been adapted
for use directly in FGD processes to precipitate mercury. An example is Evonik
Degussa’s TMT-15, a 15wt% solution of trimercapto-s-triazine, which has a
molecular weight of 243 and has three sulfide groups attached. Evonik Degussa
literature cites how extremely insoluble mercuric sulfides are, and that this is
the principle of operation of their additive. The additive has been used for some
time in industrial wastewater treatment and Evonik Degussa reported its use
in European wet FGD systems for reemission control in 2003 [9]. Sulfide-based
additives can also precipitate other metals, mostly divalent transition metals,
but mercuric sulfide is the least soluble sulfide salt. Degussa cites the relative
solubilities of several metal sulfides in the following order:

PbS > CdS > CuS >> HgS

Besides lead (Pb), cadmium (Cd), copper (Cu) and mercury, nickel (Ni) and zinc
(Zn) are also precipitated as low-solubility sulfides. All of these metals tend to be
present in FGD liquors, many in concentrations higher than mercury. Thus, these
metals can compete with the reemission additives when they are first injected into
an FGD system. Over time, with mercury being the least soluble sulfide salt, mer-
cury in the liquor will preferentially precipitate with the additives. But, depending
on how fast the reemission reactions occur, these reactions could still produce
reemissions before the mercury is precipitated. Therefore, additive dosage and
location of injection must be optimized to ensure rapid precipitation of oxidized
mercury as it is absorbed into the FGD liquor.

Besides TMT-15, other vendors have reported considerable testing results
on U.S. coal plant FGD systems, including Babcock and Wilcox, and the Nalco
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Company [10, 11]. Several other companies offer sulfide- or thiol-based reemis-
sion additives; one such example is Pravo [12]. Other approaches for controlling
reemissions are being offered. For example, Steag offers a technology to add
activated carbon to FGD systems to adsorb mercury as it is absorbed from the
flue gas [13]. CH2MHill has a patent for a technology to add iron salts to FGD
absorbers to remove mercury from the liquor by iron coprecipitation [14]. All
of these technologies are adaptations of technologies commonly used to remove
mercury and other heavy metals from industrial wastewaters.

Another approach for controlling reemissions from FGD systems may be to
optimize FGD operating conditions to minimize reemission rates. However, more
research and development is needed to establish this as a well-defined and control-
lable approach. FGD parameters that could be optimized to control reemissions
might include (but may not be limited to) the following:

+ ORP (Mitsubishi Heavy Industries has a patent covering ORP control to opti-
mize net mercury capture [15]),

» Iron content in the limestone reagent, and/or process configurations that max-
imize iron fines recycle to the absorber as part of the slurry dewatering process,

» Chloride concentrations in the FGD liquor (impacts mercury complexation,
indirectly impacts the recycle of iron-based mineral fines in FGD reclaim water
in systems that employ hydrocyclones),

+ Concentrations of other halogens (bromide and iodide) in the FGD liquor that
form strong complexes with mercury, and

* Weight percent suspended solids in the absorber slurry (impacts fines concen-
trations and surface area available for mercury adsorption).

16.4
Effects of Flue Gas Mercury Oxidation Technologies on FGD Capture of Mercury

One way to increase the co-benefit removal of mercury by wet FGD systems is to
increase the percent oxidation of the mercury in the flue gas. Other chapters dis-
cuss the effects of fuel and flue gas additives, several of which enhance mercury
oxidation, and the effects of catalysts, which also can enhance mercury oxida-
tion. Of course, these technologies are not as effective if reemissions limit the net
removal of oxidized mercury across the FGD system.

One additive that has been demonstrated to increase mercury oxidation in
flue gas is the bromide ion, which can be added to the coal as a salt or injected
into the flue gas as a salt or an acid. One impact of bromide injection is that
bromine compounds in the flue gas are scrubbed at high efficiency in the FGD
system, and the bromide ion is highly soluble in calcium- and sodium-based
solutions. Thus, bromide builds up in the FGD system in a manner similar to
chloride, to a concentration at which the bromide rate leaving in the water purged
from the FGD system equals the rate entering with the coal and the bromide
additive.
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As the bromide builds to steady-state concentrations in wet FGD systems, it can
affect mercury chemistry in the system. One effect was mentioned earlier in this
section: bromide forms a relatively strong aqueous complex with oxidized mer-
cury. This complexation can have further effects. As the bromide concentration
builds, the mercury tends to remain in the liquor phase rather than transfer to the
solids, and is available to participate in aqueous reemission reactions. However,
the strength of the mercury—bromide complex tends to slow reemission reaction
rates. The net effect of increased bromide concentrations on mercury reemission
tendencies can be site specific — in some cases, reemissions are significant, while
in one account the presence of elevated bromide concentrations appears to have
stopped reemissions [16].

FGD system operators should keep in mind their system’s liquid residence time
when conducting tests with the bromide additive, as the true performance of the
FGD system for net mercury capture may not be realized until steady-state bro-
mide concentrations are achieved. The data plotted in Figure 16.6 show that it took
almost 1 week of bromide addition testing at one full-scale wet FGD system to
experience a change in mercury partitioning between the FGD liquor and solids.
The change was not realized until the liquor bromide concentration exceeded
100 mg1~1. FGD systems with hydrocyclones for primary dewatering, which oper-
ate with relatively low chloride concentrations in the FGD liquor and do not have
a lot of slurry or liquor storage volume incorporated (e.g., no filter feed tanks or
no large reclaim water tanks), tend to reach steady state rapidly, within a matter of
days. The FGD liquid residence time is affected by factors such as the total volume
of process water in the FGD system, the chloride concentration in the coal, and
the chloride concentration in the FGD liquor at blow down. Systems that fire low-
chloride coal but operate with elevated chloride concentrations in the absorber
liquor, have thickeners for primary dewatering (which have a large liquid volume),
and/or systems with other large volumes of water that get returned to the FGD sys-
tem (e.g., from ponds) can take many days, weeks, or months to reach steady-state
bromide concentrations.

Oxidation catalysts that enhance mercury oxidation percentages in the FGD
inlet flue gas have generally not been observed to impact mercury behavior in wet
FGD systems. That is, catalytically oxidized mercury is generally captured from
the flue gas at as high an efficiency as is native oxidized mercury, and is no more
or less likely to be reemitted.

However, one possible adverse effect is that by increasing the concentration of
oxidized mercury in the flue gas, the ratio of oxidized mercury to species that
enhance the transfer of mercury to the solid phase is increased. As this ratio
increases, mercury may tend to remain in the liquor, and thus be available for
reemission reactions. In contrast, selective catalytic reduction (SCR) catalysts
can also oxidize mercury and may have a beneficial effect on mercury chemistry
in wet FGD systems. By lowering NO, concentrations in the FGD inlet flue gas,
SCR systems may reduce the formation of “sulfur-nitrogen” compounds in FGD
liquors [18]. Some of these compounds are chemically reducing species, and
in bench-scale tests have been observed to contribute to mercury reemission
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Figure 16.6 Example data showing time dependency of bromide concentration and effects
on mercury partitioning in a full-scale wet FGD system. (Reference [17].)

reactions [8]. Thus, SCR catalysts may indirectly lower mercury reemission rates
by lowering sulfur-nitrogen compound concentrations.

Some researchers are developing technology to enhance mercury capture by wet
FGD systems by in situ oxidation of the small amount of elemental mercury that is
soluble in wet FGD solutions [19]. Another technology being investigated would
use replaceable carbon composite panels in the upper portion of an absorber ves-
sel to absorb mercury from the flue gas [20]. These development efforts may rep-
resent future directions for maximizing co-benefit mercury capture by wet FGD
systems. At present, these technologies are being investigated at laboratory to
demonstration scale.
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Introduction to Carbon Sorbents for Pollution Control
Joe Wong

171
Carbon Materials

Carbon materials occur in various forms owing to the arrangement of the carbon
atom in the structural lattice, which can be characterized as either crystalline or
amorphous. Crystalline carbons represent a class of materials whereby the carbon
atoms are highly ordered and show a high degree of symmetry in their structural
features (Figure 17.1). Crystalline carbon materials include diamond, graphite,
and fullerenes. Diamond is considered the most highly ordered crystalline car-
bon material, having tetrahedrally bonded carbon atoms (sp?) that form a face-
centered cubic structure (Figure 17.2) [1]. Graphite is a highly ordered layered
carbon structure with “sheets” of graphene planes (Figure 17.3) [1]. Carbon bond
lengths and structural features of crystalline carbons are very regular and well
defined.

In contrast, amorphous carbons are carbon materials with less order and/or
more defects in the carbon structures. As there is never total disorder of the
structure, there exist micro-regions of order or micro-crystallinity in the struc-
ture. The irregular carbon arrangement and structural defects give rise to the
carbon material’s pore structure, surface, and surface area features. Amorphous
carbons are further classified into materials derived from coal, charcoal, or
lamp black. Activated carbons possess many of the crystal structural features
of amorphous carbon materials, and thus are characterized as predominantly
amorphous solids.

17.2
Carbon Activation

Activated carbon can be produced from a variety of raw materials, including coal
(predominantly bituminous and lignite), lignocellulose (sawdust, nut shells, lignin,
pits, etc.), peat, plastics, resins, and petroleum residue. Essentially, any raw mate-
rial that can be converted to a carbonaceous form can be activated.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 17.1 Crystalline and amorphous carbon materials.

Figure 17.2 Crystalline structure of diamond.

Activation of the carbonaceous raw material is typically conducted either by
thermal means or with chemical reactants. Heat treatment equipment ranging
from rotary kilns, multihearth furnaces, fluid bed reactors, and batch ovens are
employed under a variety of temperature, residence time, and gas composition
conditions to achieve desired activated carbon properties. As one can imagine,
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Figure 17.4 Carbon activation.

those in academia and industry and entrepreneurs have defined many activated
carbon processing conditions. An Internet search of “Activated Carbon Activa-
tion” will return over 37 million hits. Baker, et al. [2] describe the various com-
mercial manufacturing processes.

Despite the plethora of activation conditions, there are predominant basic
processes occurring in activation, consisting of dehydration, devolatilization,
carbonization, and finally activation itself. Figure 17.4 depicts a generalized view
of these basic process steps in a thermal activation process. These basic steps
are not necessarily discrete steps with fine lines of demarcation, but instead can
overlap each other significantly. The first step consists of “dehydration.” Most raw
materials contain moisture, essentially in the form of free and some bound water,
that is initially removed upon heating to about 100—150°C. The next step is
termed devolatilization and occurs above 150 °C, whereby free or weakly bound
volatile organic constituents begin to evolve from the raw material into the gas
phase.
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“Carbonization” begins to occur around about 350 °C and proceeds to slightly
below 800°C in an inert or nonoxidizing atmosphere [3]. During carboniza-
tion, the non-carbon constituents containing heteroatoms, including oxygen,
hydrogen, sulfur, and nitrogen, decompose or volatilize. Some of the organic
constituents are not removed and remain in the carbon material as partially
charred matter. Elemental carbon is essentially concentrated in the carbon
material during carbonization. In addition, the carbon atoms begin to arrange
into semirandom amorphous structures. Spaces or interstices of various sizes
and shapes begin to form, giving rise to the beginning formation of the mate-
rial’s pores and surfaces. This carbonized material is sometimes referred to as
char.

Typically, above about 800 and below 1000 °C in the presence of air, steam, car-
bon dioxide, or another oxidizing agent, the char begins to “activate.” During acti-
vation, the initial pore structure from carbonization is further developed through
oxidation or “burn-off” of the carbon structure and charred organics. Depend-
ing on the desired activated carbon “activity,” pore development is a trade-off to
carbon yield.

During activation and in subsequent cooling steps, the surface chemical
functionalities can be manipulated. The oxidative atmosphere during activation
typically results in a high oxygen-containing carbon surface. The injection of a
“reductive” gas is sometimes employed to cap these oxygen functional groups to
obtain desired carbon surface properties.

17.3
Carbon Particle Shapes and Forms

Activated carbons produced from thermal or chemical activation are typically in a
combination of powdered and granular particulate form with particle sizes of less
than about 2—3 mm in diameter. Additional processing employed by manufactur-
ers can provide smaller or larger particles or shaped forms. Figure 17.5 describes
typical activated carbon shapes and forms, which can consist of powdered acti-
vated carbon (PAC), granular activated carbon (GAC), shaped carbon, and carbon
cloths.

17.3.1
Powdered Activated Carbon (PAC)

The American Society for Testing and Materials (ASTM) classifies PAC as acti-
vated carbon material passing through an 80-mesh sieve (0.177 mm or 177 pm)
[4]. PAC is produced commercially by comminuting larger activated carbon parti-
cles produced during the activation process through one or more types of grinding
equipment, including roller mill, hammer mill, ball mill, jet mill, and so on. The
comminuted particle is sometimes classified to attain desired sieve mesh size frac-
tions for different application requirements.
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Figure 17.5 Activated carbon shapes and forms.

PAC is used prevalently in liquid-phase purification applications, such as in
water treatment and food purification. By the nature of its small particle size,
PAC is also a leading candidate for dispersed gas-phase applications. PAC can be
designed to be highly dispersible in the gas phase, which allows for enhanced prob-
ability of contacting with dilute concentration gaseous pollutants and for rapid
capture and uptake of pollutant molecules.

17.3.2
Granular Activated Carbon (GAC)

GAC particles are larger in size than PAC. ASTM classifies GAC as activated
carbon particles that are retained on an 80-mesh sieve. The larger particle sized
GAC is often used in gas- and liquid-phase applications, whereby the process
stream flows through a packed bed of activated carbon. The GAC provides a lower
pressure drop, thus allowing higher process stream flow rates, simpler equipment
design, and lower energy requirements.
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1733
Shaped Activated Carbon

PAC can be mixed with a binder and shaped into different forms, including pellets,
beads, honeycombs, and so on. Typical binders include carboxyl methylcellulose,
clays, phenolic resins, ceramics, coal tar pitch, or combinations thereof. Depend-
ing on the manufacturing process, the binder addition and shaping of the raw
material may occur before or after activation.

The manufacture of shaped carbons requires additional equipment and pro-
cessing beyond carbon activation, thus adding cost to the final activated carbon
product. Additional steps include (i) mixing and mulling of the PAC and binder,
(ii) extrusion/briquetting/shaping, (iii) low-temperature heat treatment to achieve
“green” strength, and (iv) high-temperature heat treatment to “set” the binder.

Shaped activated carbons, including honeycombs (Figure 17.5), are used exten-
sively in gas-phase purification and catalyst support applications. The binder sys-
tem provides the activated carbon its shape integrity, high mechanical strength,
and low dust properties.

1734
Other Activated Carbon Forms

Activated carbons can be impregnated into cloths and fabric, either physically
bound or via a coating. These cloths find utility in air filters, chemical warfare
suits, or applications requiring a conformal shape.

Other activated carbon forms include fibers and aerogels, which typically tend
to be used for high-value, specialized applications.

17.4
Activated Carbon Applications

Activated carbon is a proven, versatile technology for a host of purification and
other applications. The ability to tailor performance properties is a key, enabling
feature of activated carbons. Although not an encompassing list, Baker, Global
Industry Analyst, Freedonia and Roskill [2, 5—7] each describe industrial markets
for activated carbon. Figure 17.6 lists some of the larger established and emerging
market areas for activated carbon.

The use of activated carbons is well established for waste and potable water
treatment, food and pharmaceutical separations and purifications and industrial
processes, including solvent recovery. Other specialty applications are also well
established, such as for catalyst and catalyst supports. The versatility of activated
carbons has garnered much interest in applications for electrode materials for
electrical energy storage markets. Other applications in the medical and consumer
products arena are also prevalent. Carbon dioxide capture and sequestration are
rapidly expanding R&D sectors for activated carbon sorbents.
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Figure 17.6 Activated carbon market applications.

A significant market interest in activated carbon has come from the energy gen-
eration industries, such as coal- and waste-fired power plants, industrial boilers,
and cement kilns. These industries are in their initial commercial stages of apply-
ing activated carbons in their flue gas treatment steps and are conducting plant
trials of improved, specialty activated carbons for mercury and other emission
controls. This specialized application of activated carbon technology is establish-
ing ground as the best available, cost-effective technology for mercury capture
from flue gas.

17.5
Activated Carbon Properties in Emission Systems

Activated carbons are highly adaptable and can serve multiple purposes in remov-
ing organic and inorganic pollutants. Their innate ability to attract and capture
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targeted molecules has made activated carbon a viable solution for removing mer-
cury from flue gas streams.

The removal of mercury from power plant flue gas is a complex process, with
consideration, to name a few, of the effects of chemical reaction kinetics, flue gas
constituents and activated carbon surface interactions, and carbon adsorption
capacity, diffusion kinetics, and adsorptive energy distribution. In addition,
power plant flue gas emission trains are typically set up differently and thus
present a variety of operating conditions from which the activated carbon must
perform. Unfortunately, there is no reliable computational model to estimate the
individual or collective nature of these factors on mercury removal. However,
much work has been conducted to start painting a scientific-based fundamental
picture of an ideal model system from which to build upon [8]. Later chapters
in this book describe in detail the recent work on mechanisms and models for
mercury interaction with carbon surfaces.

It is acknowledged widely that the removal of mercury from flue gas is repre-
sented by three predominant mechanisms.

+ Conversion of elemental mercury, Hg, to an electron-receptive, oxidized state,
either Hg™ or preferably Hg?" to enhance mercury’s receptivity to activated
carbon;

¢ Contact of the mercury compound, which is in a very dilute concentration in
the flue gas, with the activated carbon;

+ Diffusion and capture of the mercury compound in the activated carbon struc-
ture by physical adsorption and chemisorption.

The order and influence of these mechanisms and the rate-limiting step have
been studied, proposed, and debated; however, it is plausible that all occur in a par-
allel manner, with one being more pronounced than the others in certain emission
train conditions.

Given these mechanisms, activated carbon has three key properties or capa-
bilities that make it effective for emission control applications (Figure 17.7). A
meaningful specification for activated carbon for mercury removal in flue gas
should factor in each of these characteristics.

¢ Activated carbons provide a SURFACE to host chemical reactants and other
functionalities that interact with or affect the pollutant species, both chemically
and physically.

¢ Carbons have PORES that adsorb, meaning attract, transport, and capture,
molecules to be removed.

» Carbons are PARTICLES that are highly dispersible and provide a transport
medium to deliver all the desired properties to the right place and at the right
time in the emission system.

Each of these properties is discussed here.
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Figure 17.7 Activated carbons are multifunctional.

17.5.1
Activated Carbon Surface

A typical activated carbon designed for power plant flue gas mercury capture con-
tains 500—700 m? of surface area per gram of activated carbon. In other words,
11b of activated carbon per million actual cubic feet of flue gas (Ib/actual cubic
feet per minute (ACFM)) injection rate provides enough carbon surface area to
cover about 50 football fields if each carbon particle is unfolded completely flat to
expose all surfaces. At this level of potential surface area, it is evident that not all
of the activated carbon’s surfaces are accessible to the mercury and that there are
other factors involved. Accordingly, in developing activated carbon specifications
specific to mercury capture, specifying surface area alone is insufficient.

Consideration of the role of an activated carbon surface in mercury removal
reveals other key surface activities that occur (Figure 17.8).

The carbon surface provides bromine or other halogen forms or an oxi-
dant to facilitate oxidation of elemental mercury to an oxidized, more
“adsorbable/soluble” state.

The surface contains and exposes minerals to catalyze the oxidation of mercury.
It is well documented that heterogeneous catalysis of mercury in the presence of
halogens by precious metals and other minerals is on order of 100 000 times faster
than the oxidation of mercury by halogens in a homogeneous gas phase [9, 10].
Having certain minerals present is particularly important when there are only
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Figure 17.8 Activated carbon surfaces.

seconds of exposure time of the mercury to the halogen in most plant emission
systems.

The surface contains moisture to promote mercury adsorption into the pores.
The effects of carbon moisture levels have been studied and cited in literature [11].
Moisture plays a role in improving the adsorption of oxidized mercury.

The surface exposes certain chemical functional groups. It is well known that
activated carbon surfaces contain a variety of chemical functions, including acidic
carboxylic acid functions, phenyl and phenol groups, reactive free radicals, and
polar hydroxyl and carbonyl groups [12, 13]. These surface functionalities can
enhance or reduce the affinity of the activated carbon for the mercury species [14].

Evaluation of the binding energies of mercury and oxidized mercury species
with simulated carbon surfaces has offered insights as to potential surface com-
plex mechanisms, but a definitive or dominate pathway has not been elucidated
[15]. However, it has been demonstrated that activated carbon surface features can
be tuned to enhance or block specific surface mechanisms to enhance pollutant
capture.

17.5.2
Activated Carbon Pores

The pores of an activated carbon are an intricate arrangement of “holes,”
“passages,” and “caves,” providing a carbon with its adsorptive properties and
the resultant ability to capture targeted mercury molecules in flue gas systems.
The characterization of pore structure often includes microscopic analyses and
molecular simulations of the morphological (pore shape and size) and topological
(pore connectivity) character of carbons [16].

Carbon pores are defined by their shape and size. Pores have been represented
in various geometries, ranging in shapes from tapered cylinders to elongated
slits. It is commonly acknowledged that the elongated slits provide the best
representation of pore shape and function [17-21]. Carbon pore sizes (width) are
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Table 17.1 IUPAC classification of pore size.

Classification  Pore diameter (nm) (10-°m)  Pore diameter, A (10-1° m)

Micropore <2 <20
Mesopore 2-50 20-500
Macropore >50 >500
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Figure 17.9 Cumulative pore volume and pore size of activated carbons. (Reproduced with
permission from MeadWestvaco Corporation.)

classified by the International Union of Pure and Applied Chemistry (IUPAC) as
shown in Table 17.1 [22]. Pores with width <2 nm are designated as micropores.
Pores between 2 and 50 nm are mesopores. Pores with width >50 nm are termed
macropores.

Pore size distributions can be interpreted from gas porosimetry measurements
using nitrogen or argon as the adsorbate. Figure 17.9 [23] shows a plot of cumu-
lative pore volume in various pore size ranges for activated carbons possessing
high degrees of micropores, mesopores, and macropores. For the microporous
carbon, essentially all of the 0.8 ccg™! pore volume is in pores <2 nm in diame-
ter. The mesoporous carbon has minimal pore volume in micropores, and pore
volume starts building progressively around 2 to about 30 nm. The macroporous
carbon has the majority of its pore volume in pores >25nm in diameter, building
in macropore volume to 100 nm. What is apparent is that activated carbon is not
one-size-fits-all, as the pore size distribution can be tuned to some extent to favor
one size distribution over another.

Moreover, the molecular size of the target molecule in a particular end-use plays
a key role in optimizing the pore size distribution of activated carbon. Because of
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Figure 17.10 Activated carbon pore geometry and size range.

the prevalence of water treatment and food purification applications, traditional
liquid- and gas-phase activated carbon pore size design is based on the adsorp-
tion performance of small iodine molecules (0.3-0.6nm or 3—6 A in molecu-
lar size) and large tannins, molasses, or methylene blue color bodies (>2nm or
20 A in molecular size). However, in the case of oxidized mercury, a mercury bro-
mide molecule has a molecular size in between those two benchmarks on order
of 1.0-1.3nm (10—13 A). From that simple analysis, it follows that using tradi-
tional activated carbon specifications based on adsorption of smaller molecules
or larger color bodies would not be expected to result in the optimal mercury
removal performance [24].

Figure 17.10 shows a graphical depiction of the role of each pore size required
in capturing mercury. Starting from the right side of Figure 17.10 — in the high-
temperature flue gas, highly energetic mercury species need to come in contact
with the carbon particle and enter the larger macropores. Once in contact, the
macropores transport the molecules into large mesopores. The molecules are
eventually captured and sequestered in the small meso and micropores. Because
this diffusion, transport, capture, and sequestration occur in a very short amount
of time in the emission system, larger pores are required to increase the proba-
bility of capturing the gas-phase molecule and enhance pore diffusion/transport,
while smaller micropores with high adsorptive energies are required to capture
the mercury molecule and prevent diffusion back into the flue gas.

Commercial carbon manufacturers employ a variety of raw materials to produce
activated carbon. Invariably, the starting raw material affects the porosity char-
acteristics of the final activated product (Table 17.2). For example, raw coconut
shells are hard and dense and produce activated carbons that are typically very
high in micropores and have low amounts of mesopores and macropores. Cel-
lulosic precursors, such as wood, are inherently low density and porous, leading
to highly meso- and macroporous carbons. Bituminous coal-based carbons lean
more toward micropores, while lignite coal carbons are highly mesoporous. It is
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Table 17.2 Raw material impact on pore characteristics.

Micropores High Medium
Mesopores Low Medium High High
Macropores Low Medium Medium High

recognized that these are typical porosity descriptions, and that enhanced acti-
vation conditions and/or additional processing steps can be added to shift the
porosity characteristic from any raw material source. For example, Baker et al.
[25] developed highly microporous carbons from wood by an intensive second-
stage activation of a wood-based carbon with an alkali salt, such as potassium
hydroxide.

1753
Activated Carbon Particles

Another important feature of activated carbon is that it is a particle or form that
transports key functional properties in and out of the emission system. Specifi-
cally, the carbon particle or carbon grain serves an important function as a carrier
and disbursement mechanism for bromine or halogen as the mercury oxidant,
minerals as oxidation catalyst, surface for other desired chemical functionalities,
pores for mercury capture, and a medium to transport mercury out of the emission
system through the electrostatic precipitator or filter fabric baghouse.

Knowing the operating conditions of the emission system is critical to maximiz-
ing the performance of the activated carbon particle. With such information, the
properties of the activated carbon can be tuned to achieve the best performance in
various operating configurations. For example, the activated carbon may need to
function at high temperatures, such as in the case when injected “hot-side” before
the air preheater (as opposed to “cold-side” after the air preheater or after the elec-
trostatic precipitator) or may need to be compatible with other emission control
devices (Figure 17.11).

In addition, activated carbon injected into the flue gas may have less than
a second of time in order to capture the mercury before being removed from
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Figure 17.11 Activated carbon particles in emission systems.

the system. Consequently, its effectiveness is highly dependent on diffusional
and kinetic considerations with the short residence time of contact between the
carbon and the mercury. Much modeling has been conducted to discern drivers
and rate-limiting mechanisms, including carbon pore diffusion and restrictions,
as well as temperature effects [26].

In view of the kinetic considerations, the industry is trending toward the
use of fine activated carbon particles with mean particle diameter <25-30 pm.
These smaller particles provide a higher propensity of surface for contacting
the flue gas than larger carbon particles. However, the handling of these fine
carbon particles in a power plant environment requires new particle handling
protocols because of different flow characteristics in the injection equipment
and removal dynamics in the emission train. Durham and Martin [27] developed
a process for onsite size reduction of activated carbon particles to mitigate
fine particulate handling issues, but this approach has not yet been adopted
widely.

Another benefit of activated carbon particles is that once the mercury species
is captured and sequestered on the carbon surfaces and pores, the particles
can be readily removed from the emission train. Typical equipment used for
this removal includes an electrostatic precipitator or filter fabric baghouse,
whereby the spent activated carbon is removed along with the coal fly ash.
This fly ash and PAC mixture can be safely land filled or used in producing
cement.
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Activated carbons are customizable adsorbent materials that are key enablers for
controlling mercury emissions in power plant flue gas. Advances in understanding
and tailoring activated carbon surface, pore, and particle features are providing
insights and solutions to tackling the complex adsorptive, catalytic, and diffu-

sional challenges faced in removing mercury in harsh, variable flue gas environ-

ments. These insights will help the coal-fired power energy industry move toward
more pertinent carbon property specifications, much like the advances that have
been made in defining activated carbon specifications for the well-established
water treatment, sugar decolorization, and automotive gasoline emission control

industries.
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18
Activated Carbon Injection

Sharon M. Sjostrom

18.1
Introduction

Activated carbon (AC) is effective in adsorbing mercury from the flue gas pro-
duced by many coal-combustion sources. AC can be installed as a fixed bed of
carbon downstream of other pollution control equipment, or ground into a pow-
der and injected upstream of a particulate collection device. This chapter provides
information on activated carbon injection (ACI) into flue gas, factors limiting the
effectiveness of ACI, and balance-of-plant considerations.

ACI is the most established commercial technology for reducing mercury
emissions from coal-fired boiler flue gases. It has been proven through numerous
full-scale demonstrations to be an effective, cost-efficient way to reduce mercury
emissions from most plants that fire lower sulfur coals. Depending on the type
of coal being burned and the type of air pollution control equipment installed
on the plant, ACI can reduce mercury emissions by more than 90%, and can
offer options for mercury trim at most plants. For plants firing low-halogen fuels,
ACI can be used in conjunction with halogen-based coal additives to enhance
performance.

ACI technology, which is shown in Figure 18.1, is relatively simple in compari-
son to typical emission control equipment. An ACI system is shown in Figure 18.1
to the right of an SO, scrubber and fabric filter (FF) in the photograph. An ACI
system consists of a storage silo for the AC and a pneumatic conveying system
that injects the AC at a controlled feed rate at the desired locations in the
ductwork before the particulate control device. The mercury reacts with the
AC sorbent and then is removed from the flue gas along with the fly ash by
the plant’s particle control device. Tests have shown that the mercury is not
leachable from the sorbent [1] so that it can be disposed of in a landfill without
concern for contamination of waterways. Because of their simplicity and small
size, ACI systems can be retrofit on virtually any power plant with minimal
engineering.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 18.1 Perspective on ACI system in relation to other air pollution control equipment
at a coal-fired power plant.

18.2
The Activated Carbon Injection System

Typical ACI system components include a silo to store the powdered activated car-
bon (PAC) before injection, process equipment to meter and convey the PAC to
the injection location, and a distribution grid that includes manifolds and individ-
ual injection lances. Figure 18.2 shows a cutaway of a typical ACI system, including
the storage module and process equipment, and a photograph of an ACI system
installed at a coal-fired power plant. The ACI system shown has a storage silo
with an enclosed process equipment room at grade level and a separate motor
control building. Although the system appears relatively simple, there are critical
aspects of the design that can result in poor control performance or poor reliability
if attention is not paid to the details.

18.2.1
Powdered Activated Carbon Storage

The size of the PAC storage system is dependent on the unique needs of the
plant. Factors include the projected PAC usage rate and the total days of storage
that are required to assure continuous availability. PAC is usually delivered to
the plant in a closed truck. The smallest silo for a commercial system typically
holds more than a full delivery truck of PAC so that the truck can be unloaded
without completely emptying the silo before unloading. This allows contin-
uous availability of the material without demurrage or delays in availability
of PAC.
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Figure 18.2 Cutaway and photograph of typical ACl system installed at a coal-fired power
plant.

18.2.2
Process Equipment

18.2.2.1 Metering

The amount of PAC fed over time can be monitored in real time using either
gravimetric or volumetric feeders. Gravimetric feeders are more accurate than
volumetric feeders, but are two to three times the cost. One of the main disadvan-
tages of volumetric feeders is that without use of a feedback control loop they may
need to be recalibrated whenever a different sorbent with different properties is
used. This can be a problem for sites that use multiple sorbents on a frequent basis.
For plants that control the PAC feed rate to a set point, accurate calibrations are
critical to cost control and to assuring sufficient PAC is being fed to meet mercury
emission compliance. Plants that use feedback control from a mercury continu-
ous emissions monitor can often benefit from a gravimetric feeder for inventory
control.

18.2.2.2 Conveying

Both regenerative and positive displacement (PD) blowers are used in ACI
systems for dilute phase conveying of PAC. The choice of blowers depends on
how much PAC is being fed, conveying distance, number of elbows, and change
in elevation. PD blowers are more expensive and have a larger footprint, but
can provide higher flow and motive force, which is important for installations
with long piping runs and many turns. The downstream components must be
sized appropriately for the blower to minimize both sorbent fallout and pluggage
from low velocities as well as component failures from abrasion due to the high
velocities.
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18.2.3
PAC Distribution

PAC is conveyed from the silo and feed system through main conveying lines.
These are typically hard piped for permanently installed systems to minimize leaks
associated with abrasion. The conveying lines terminate at a manifold that dis-
tributes the PAC into separate injection lances. These manifolds must be carefully
designed to assure that the appropriate amount of PAC is delivered to each lance.
There are typically several lances installed at the injection location to assure good
distribution across the entire gas path. It is important to assure that all of the flue
gas is being treated, especially for plants with electrostatic precipitators (ESPs)
where most of the mercury adsorption takes place in-flight. Lance placement can
be affected by several factors including access constraints that may limit the ability
to install ports.

18.3
Factors Influencing the Effectiveness of Activated Carbon

Coal-combustion facilities that produce steam for electricity or heat fire a range of
coals and are configured with a variety of pollution control devices. The effective-
ness of ACI for mercury control at these facilities is contingent on several factors.
Key factors can be categorized as

1)  Site specific, including coal characteristics, flue gas temperature, SO, concen-
tration in the flue gas, particulate control configuration,

2) PAC specific, including characteristics such as PAC quality, chemical treat-
ment, and size distribution, and

3) ACI system design specific, including PAC injection location, grid design, and
lance design.

18.3.1
Site-Specific Factors

Aside from the difference in heating value between bituminous and sub-
bituminous coals, there are obvious differences in the sulfur and chlorine
concentrations, as described in more detail in Chapter 2. In general, ACI is
most effective for mercury control on flue gas derived from combustion of coals
with lower sulfur contents, such as subbituminous coals, low-sulfur bituminous
coals, and many lignite coals. In the United States, most subbituminous coal
is mined in the Powder River Basin (PRB). PRB coal typically contains <1%
sulfur and <50 pgg™" chlorine. Furthermore, ACI is more effective when used
in conjunction with an FF, where flue gas must pass through a collected layer
of sorbent, than in other particulate collectors, such as ESPs where in-flight
capture is more critical. Some plants are installing FFs downstream of an
existing ESP, a configuration developed by EPRI (Electric Power Research
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Institute) called TOXECON™ to provide higher efficiency mercury control and
particulate trim.

18.3.1.1 Flue Gas Characteristics: Halogens and SO,

URS Group, University of North Dakota Energy & Environmental Research Cen-
ter (UNDEERC), and others have studied the effect of hydrogen chloride (HCI)
and sulfur in the flue gas on the adsorption capacity of fly ash and AC for mer-
cury in laboratory studies (see, for example, Refs [2, 3] as well as Chapter 25). In
general, results from laboratory studies suggest that

+ HCI and sulfuric acid (H,SO,) accumulate on the surface of carbon.

» HClincreases the mercury removal effectiveness of AC and fly ash for mercury,
particularly as the flue gas HCI concentration increases from 1 to nominally
10 ppmv. The relative enhancement in mercury removal performance is not as
great above 10 ppmv HCL. In the absence of HCI, the ability of carbon to remove
elemental mercury is minimal. Other strong Brensted acids such as the hydro-
gen halides HCI, HBr, or HI should have a similar effect. Halogens such as Cl,
and Br, should also be effective in enhancing mercury removal effectiveness,
but this may be a result of the halogens reacting directly with mercury rather
than the halides promoting the effectiveness of the AC.

« Sulfur dioxide (SO,) reduces the equilibrium capacity of AC and fly ash for mer-
cury. AC catalyzes the oxidation of SO, on the surface of the carbon. Because
the concentration of SO, is much higher than that of mercury in flue gas, the
overall adsorption capacity is likely dependent on the SO, concentration in the
gas as it forms H,SO, on the surface of the carbon. Thus, the capacity of AC for
mercury is higher in flue gas with lower concentrations of SO, in the flue gas.

When coal is combusted, mercury contained in the coal is volatized. In the
absence of halogens, the resulting vapor-phase mercury will be present primarily
in the elemental form. If sufficient halogen is present in the coal, some of the mer-
cury will react with the available halogen and form oxidized mercury. The fraction
of oxidized mercury in the gas will be influenced by several factors including the
presence of unburned carbon, whether the plant is configured with a selective cat-
alytic reduction system (SCR) for NO,, control, the temperature of the gas where
the mercury is measured, and the time—temperature history of the mercury.

Variations in the mercury control effectiveness of injected AC at different plants
will be influenced by the speciation of the mercury and variations in the SO, and
HClin the flue gases. In 2001, AC-sorbent-based mercury control technology was
first applied to full-scale plants burning PRB coals [4]. As noted, PRB fuel typically
has very low-halogen content. With ACI, mercury removal for units configured
with ESPs was generally limited to roughly 70%. This limitation likely represented
the point where available HCI was removed from the gas stream by injected car-
bon. Excess carbon did not result in additional removal because insufficient HCI
was available to promote oxidation and chemisorption of the remaining elemental
mercury in the flue gas.
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Figure 18.3 Results of injection location tests, Holcomb Station [5]
(11b MMacf~" =16 mgm~3).

Results from sites firing PRB and North Dakota lignite coals (low sulfur, low
chlorine) configured with a spray dryer absorber (SDA) and an FF also indicate
the importance of halogens for capturing elemental mercury using AC. In a typi-
cal SDA, slurry of lime is atomized to react with and control emissions of SO, and
other acid gases. SDAs are very effective in removing HCI. In 2002, tests were con-
ducted at Sunflower Electric’s Holcomb Station [5]. The HCI measured at the inlet
to the SDA was 0.13—-0.61 ppmv. Results from ACI testing at Holcomb is shown in
Figure 18.3. During the test, when PAC (DARCO®-Hg) was injected upstream of
the Holcomb SDA, the mercury removal was much lower than would have been
expected on a site without an SDA. An injection concentration of 91.2 g per actual
cubic meter (5.7 Ib MMacf~!V) was required to achieve 90% mercury removal. It
is likely that the PAC did not fully react with the HCl between the PAC injection
location and the SDA inlet before the remaining HC] was removed from the flue
gas in the SDA. When PAC was injected downstream of the SDA, the mercury
removal suffered further. The mercury removal was limited to <35% at injection
concentrations up to 5.7 Ib MMacf™!, compared to 90% mercury removal at the
inlet location. Most of the HCl was removed in the SDA and was not available to
support mercury removal at the SDA outlet injection location [5-7].

On the basis of some of the studies conducted in the early 2000s, PAC ven-
dors developed AC sorbents treated with halogens, typically bromine, to improve
mercury control in low-halogen environments. Chapter 20 discusses brominated
PAC in more detail. A PAC treated with bromine, DARCO Hg-LH (Norit Ameri-
cas), was also tested at Holcomb. More than 90% mercury removal was achieved

1) 11b/10° ft® = 16 mg m~3; sorbent loading is typically measured per “actual” volume at the temper-
ature of the particulate control device and is usually denoted as Ib MMacf™!.
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Figure 18.4 Comparison of PAC treated with bromine to nontreated PAC at two PRB-fired
sites [8] (11b MMacf~! =16 mgm™3).

at bromine-treated PAC concentrations <21b MMacf™! and there was no differ-
ence in the performance of the bromine-treated PAC whether injected upstream
or downstream of the SDA. These data are also included in Figure 18.3 [5].

Results from tests conducted with ACI at Ameren’s Meramec Station and Basin
Electric’s Laramie River Station (LRS) are presented in Figure 18.4 [8]. Both Mer-
amec and LRS were firing PRB coal during the testing period when both PAC
treated with bromine-treated and nontreated PAC was tested. The results indi-
cate that the mercury removal improved dramatically with the treated sorbent. At
present, bromine-treated PAC is the standard sorbent for sites firing low-halogen
coals. As an alternative, some sites treat the coal with halogens to improve the
effectiveness of both unburned carbon and PAC.

Full-scale field tests indicate that standard AC is less efficient in high-sulfur
environments. ACI tests were conducted at the University of Illinois’ Abbott
Power Plant in Champaign, IL in 2001 [9, 10]. This site fires high-sulfur (3.8%)
bituminous coal with 2500 pg g~! chlorine. Equilibrium adsorption capacity mea-
surements were conducted on non-bromine-treated PAC samples at this site at
temperatures of 191 °C (375 °F) and 163 °C (325 °F). The equilibrium adsorption
capacity is measured by flowing flue gas through a fixed bed of PAC, typically
mixed with sand to manage the pressure drop through the bed of powder, until
the mercury at the inlet to the bed is equal to the outlet, or full breakthrough
has been achieved. The equilibrium capacity is calculated as the mass of mercury
in the bed to the mass of carbon. The value is often normalized to a mercury
concentration in the gas of 50 pgm=> by assuming a linear correlation between
capacity and flue gas mercury concentration (i.e., the capacity at 50 pgm=2 is five
times the capacity at 10 ugm™3). At 191 °C (375 °F), the equilibrium adsorption
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Figure 18.5 Injection test results from Abbott and Lausche Power Plants [9]
(1o MMacf~" =16 mgm™3).

capacity was 184 pgg=!. At 163 °C (325 °F), the equilibrium adsorption capacity
was 486 pg g1, Injection tests were conducted at Abbott at two flue gas tempera-
tures: 182 °C (360 °F) and 166 °C (330 °F), and the results suggest a slight increase
in the mercury removal performance of non-bromine-treated PAC at the lower
temperature. Injection tests were also conducted at the Lausche plant of Ohio
University (1000 ppmv SO, and 20 ppmv SOj in flue gas). Test results from both
Abbott and Lausche, shown in Figure 18.5, indicate limited mercury removal
performance of non-bromine-treated PAC.

Plants firing low-sulfur fuel may also face mercury control challenges from
impacts related to sulfur compounds. For example, SO; is used to “condition”
the flue gas to improve particulate capture in ESPs. This poses a unique problem
because, across the United States, ~25 GW of power is produced by units that fire
PRB and low-sulfur bituminous coals and that inject SO to improve ESP perfor-
mance. Many low-sulfur-fueled sites are also installing SCRs to control NO,.. The
SCRs convert a portion of the flue gas SO, to SO5. Low-conversion catalysts are
available, but are typically more expensive and are often not considered necessary
on low-sulfur applications unless mercury control is a consideration.

We Energies’ Pleasant Prairie Power Plant (P4) utilizes SO, for flue gas condi-
tioning. Equilibrium adsorption capacity measurements were made at locations
upstream and downstream of SO injection [6]. These data indicate a significant
impact on the mercury capacity of non-bromine-treated PAC due to both SO5 and
temperature. However, when the PAC was injected into the duct, no difference
in performance was noted. In addition, decreasing the temperature at P4 using
spray cooling from 149 °C (300 °F) to 121 °C (250 °F) did not improve the mercury
removal measured across the ESP when injecting non-bromine-treated PAC for
mercury control. This suggests that the threshold capacity, or the capacity at which
a change in performance is expected during injection testing, was <425pgg™!
at P4, the equilibrium adsorption capacity measured at 149 °C (300 °F) in the
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Table 18.1 Equilibrium adsorption capacities measured at two sites with SO, present in
flue gas [6].

Site SO, Temperature (°C) Equilibrium Adsorption Capacity (ngg~')
Normalized to 50 pg Nm~3

P4 None 121 8823
P4 FGC 121 3355
P4 (PAC +limed))  EGC 121 2091
P4 None 149 880
P4 FGC 149 425
P4 (PAC +lime?))  FGC 149 >1504
Abbott Coal 191 148
Abbott Coal 163 486

FGC, flue gas conditioner.
a) Lime to sorbent ratio was 60: 1.

presence of SO;. The equilibrium data also suggests that the capacity can be sig-
nificantly improved at higher temperatures (149°C) in the presence of SO, if the
sorbent is mixed with an alkali material such as lime. No improvement was noted
at the lower temperature (121 °C). The P4 and Abbott results are presented in
Table 18.1.

Full-scale injection testing conducted at Southern Company’s Plant Daniel indi-
cated that, unlike Pleasant Prairie, SO used for flue gas conditioning had a neg-
ative impact on sorbent performance [11]. Daniel was firing a low sulfur western
bituminous coal during the tests and is configured with an ESP for particulate
control.

Results from testing conducted at Ameren’s Labadie Power Plant [12] clearly
show the impact of SO5 on the mercury control effectiveness of AC. The mercury
removal trends for brominated are summarized for 0, 5.4, and 10.7 ppmv SO4 (0%,
30%, and 60% setting on SO, injection system) in Figure 18.6.

SO, levels may also be elevated if a selective catalytic reduction system (SCR)
is in service to reduce NO, and if the catalyst converts sufficient SO, to SOj.
Public Service of New Hampshire Merrimack Station is configured with an early-
vintage SCR. Although the plant was not firing high-sulfur coal, the SO, to SO,
conversion across the SCR was relatively high, resulting in SO, concentrations
often above 10 ppmv. During long-term ACI testing [13], trona was injected for
SO, control through four lances between the SCR and the air preheater (APH)
at a rate of 550 1b h™! with Br-PAC for mercury control at a rate of 51b MMacf™!.
Under these conditions, 50-55% mercury removal was achieved but could not be
sustained because of balance-of-plant impacts. While injecting trona at 550 1b h~!,
the APH differential pressure increased 1.2 in. H,O during the 30 days of injection,
indicating deposition of a sodium compound in the APH. These results are shown
in Figure 18.7.
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During a 3-day test, the trona injection rate was increased to 1000Ibh~! to
assess the ability to improve mercury removal by lowering the SO, concentration.
This resulted in an increase in mercury removal up to 75% at a Br-PAC injection
concentration of 4.51b MMacf~!. These short-term results show that optimizing
the trona injection lances for better distribution could improve both SO; and
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mercury removal, but the data are insufficient to determine long-term balance-
of-plant impacts or sustainability.

Techniques to limit the impact of other pollution control devices on PAC
effectiveness for mercury control are being developed. For example, chemicals
to replace SO, for flue gas conditioning are under development and evaluation.
For sites firing high-sulfur coal, or when SCR catalysts that convert sufficient
SO, to SOy are in use, the most effective option evaluated to date is lowering the
SO, concentration using techniques such as trona (sodium sesquicarbonate) or
hydrated lime injection. As a result of decreased SO levels, the mercury removal
can be significantly increased. Unfortunately, the introduction of trona at some
sites has also resulted in other balance-of-plant issues such as an increase in the
pressure drop across the APH [13].

18.3.1.2 TOXECON™

The first commercial operation of a mercury-specific control system to the power
industry was a TOXECON system installed at the We Energies’ Presque Isle Power
Plant in Marquette, Michigan [14]. This was as part of a DOE (Department of
Energy) Clean Coal Program and significant tests were conducted to characterize
performance. Typical of many first installations of emission control technology,
some operating problems were encountered during startup. The Presque Isle sys-
tem achieved 90% mercury control levels for more than a year of continuous oper-
ation during the testing program. The operating procedures developed are being
implemented with all of the new TOXECON systems being installed.

18.3.2
PAC-Specific Factors

Although ACI is a viable commercial process, technology developers continue to
evaluate options to reduce costs and increase removal levels. For example, results
from modeling and full-scale ACI tests indicate that reducing the PAC particle size
can result in significant improvements in PAC effectiveness. For example, reduc-
ing the PAC diameter by a factor of 2 will result in an increase in the particle
density of 8 (23), and double the available surface area. In 1999, Meserole [15]
developed a model for mercury removal with sorbent injection, and the beneficial
impact of reduced particle size, given sufficient sorbent capacity, was reported.

PAC milled from a mean diameter of nominally 18—6pum was evaluated
at Ameren’s Labadie Station. The milled PAC resulted in a reduction in PAC
requirements of more than 50% at a constant mercury reduction percentage, as
shown in Figure 18.8 [16].

Most PAC injection systems are designed to feed standard PAC, which typically
has a mean diameter between 15 and 25 pm. Fine material has different handling
characteristics and may result in ACI system reliability issues. Fine PAC may also
reagglomerate, especially if it is stored in the silo for prolonged periods.
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Figure 18.8 Improved mercury control using fine PAC [15] (1 lb MMacf~' =16 mgm~3).

18.3.3
ACI System Design-Specific Factors

18.3.3.1 Injection Location

Injection location can make a significant difference in the residence time of the
PAC in the gas stream, and improve the likelihood of good distribution. For some
configurations, the biggest improvement in performance can be attained by mov-
ing the injection location from downstream of the APH, where the flue gas tem-
perature is typically between 121 and 205 °C (250 and 400 °F), to upstream of the
APH, where temperatures are typically 400-315 °C (750—600 °F). An example of
improved mercury removal with PAC injection upstream of the APH is shown
in Figure 18.9 [12]. In this case, higher mercury removal was achieved at half
the injection rate when injected upstream of the APH. Note that although the
x-axis presents the data as pound per million actual cubic feet, the actual flue
gas volume for the calculation was at the APH downstream temperature in both
cases. Although the effectiveness of a carbon for mercury degrades quickly as the
temperature increases, injecting PAC upstream of the APH often results in over-
all improvements in PAC removal effectiveness. This effect is a result of several
influences including increased residence time, which can promote both better dis-
tribution of the PAC in the duct, reactions between flue gas halogens and PAC, and
increased time for reaction as the PAC moves through the APH.

18.3.3.2 Distribution

Either physical flow or computational fluid dynamics (CFD) modeling can be
used to predict whether an injection grid is capable of getting PAC into all of the
flue gas passages. Flue gas flow and temperature biases are often present. These
can develop as a result of boiler design, duct structural members such as turning
vanes, or for many plants that use rotary APHs, the rotation of the APH can
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Figure 18.9 Mercury removal when AC was injected upstream and downstream of APH
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cause temperature nonhomogeneity. CFD modeling can assist in determining
whether additional lances are needed or if PAC injection should be biased into
select lances to assure good distribution before the particulate collection device.

Caution should be exercised when designing PAC injection lances to assure
that incremental improvements in short-term PAC distribution resulting from
complex lance designs do not overshadow long-term maintenance and reli-
ability concerns. Complicated lances, such as those with multiple injection
nozzles, may provide enhanced distribution initially, but coal-combustion
flue gas is not a forgiving environment. Nozzles can quickly become plugged,
resulting in decreased overall distribution compared to simpler, more robust
designs.

18.4
Balance-of-Plant Impacts

18.4.1
Coal Combustion By-Products

Fly ash has been used as a replacement for Portland cement in concrete since the
1920s when it was used in the construction of the Hoover Dam, then the largest
concrete structure in the world. Air entrained in the concrete matrix improves the
durability of the concrete over freeze—thaw cycles. In 2006, more than 72 million
tons of fly ash were produced in the United States, 46% of which was used in con-
crete, concrete products, and grout, with another 6% used to make cement [17].
The remainder was placed in landfills or used in other applications. Fly ash land-
filling costs are significant and can become one of the largest operating costs for
plants after labor and fuel [18].

Air entrained in the concrete matrix improves the durability of the concrete over
freeze/thaw cycles. Air-entraining agents are typically soaplike organic additives.
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PAC in fly ash absorbs the organic air-entraining additives and can change the fly
ash from a saleable product to a potential landfill liability.

Options to preserve ash sales while using ACI for mercury control include sep-
arating the PAC-laden ash from the bulk of the fly ash by using EPRI-patented
techniques such as TOXECON, reducing the amount of PAC required through
techniques such as using fine PAC, or use of a specialized ash-compatible AC.
Chapter 21 discusses concrete-compatible carbons in more detail.

18.4.1.1 Autoignition of PAC in Ash Hoppers

There have been several reports of burning embers in baghouse and ESP ash hop-
pers collecting ash/PAC mixtures that have relatively high ratios of PAC to ash,
such as TOXECON configurations where the majority of ash is removed before
injecting PAC into the system [14, 19]. PAC is a relatively good insulator. If a hop-
per full of PAC is exposed to a localized heat source, such as a hopper heater or
a welding spark, it can begin to smolder. PAC can also be oxidized via exother-
mic reactions in an air- or oxygen-rich environment. When the heat of oxidation
increases faster than it can be liberated, temperatures increase, and can ignite the
carbon.

Key factors contributing to autoignition are size of the bed or amount of
ash/PAC in the hopper, temperature surrounding the bed from hopper heaters
or high flue gas temperatures, concentration of carbon in the ash, and oxygen
concentration.

Plants where autoignition has occurred have implemented maintenance pro-
cedures to prevent future occurrences of autoignition. Successful maintenance
procedures include the following:

+ Eliminate use of hopper heaters or lower the set point.

+ Empty hoppers more frequently to minimize ash in the hopper.

* Ensure complete emptying of ash hoppers because AC becomes sticky when
hot.

¢ Minimize fluidization.

Laboratory oven tests were conducted on different size square containers filled
with PAC/ash mixtures collected in the hoppers of the TOXECON baghouse dur-
ing PAC injection at Presque Isle. Thermocouples were placed in the oven and
inserted into the bed of material at different levels to track temperature profiles
over time. These tests confirmed that although the ignition temperature of the
PAC was 850 °F, sufficient heat was internally generated at 430 °F for the PAC to
increase the temperature of the mixture to ignition temperatures.

18.4.1.2 Impacts on Particulate Emissions

PAC is typically injected into flue gas at a rate that typically does not exceed 5% of
the fly ash loading, and is often nearer to 1%, except for polishing applications such
as TOXECON. There have been few reports of PAC injection negatively impact-
ing particulate emissions [20], and some have reported that Br-PAC injection can
improve the operation of the installed ESP [21].
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18.4.1.3 Corrosion Issues

Injecting AC for mercury control is not expected to have adverse impacts on cor-
rosion within the ductwork. However, when halogen-treated ACs are used, there
is a possibility of inducing corrosion. Recent bench-scale corrosion tests have
shown that bromine is capable of accelerating corrosion on metal surfaces [22].
Further investigations into long-term impacts of continuous halogen-treated ACI
are under way.

18.5
Future Considerations

Advancements continue to be made in mercury control to assure compliance and
minimize costs. PAC vendors are developing materials that are more effective,
more tolerant to SO, and temperature, less corrosive, and concrete compatible.
Equipment providers are required to provide equipment that can assure near-
continuous reliability. Integrated solutions that incorporate multiple technologies
such as coal additives to provide supplemental halogen, reagents to reduce the
SO, concentration, catalysts to increase the fraction of oxidized mercury, and
chemicals to improve the co-benefit mercury removal in SO, scrubbers are being
refined. On the basis of its simplicity and cost, ACI will continue to be an impor-
tant component of the installed mercury control technology base for the US coal-
fired fleet.
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Halogenated Carbon Sorbents
Robert Nebergall

19.1
Introduction

Activated carbon has been shown over the past several decades to be an effective
adsorbent for the removal of mercury from flue gas. The technology was devel-
oped in Europe during the late 1980s where municipal waste combustion was a
large contributor of anthropogenic (human produced) mercury emissions to the
environment. In addition, hazardous waste and medical waste incinerators are
also large contributors of mercury emissions to the environment [1]. Municipal,
medical, and hazardous wastes typically contain sources of chlorine and hence
form chlorine compounds in the flue gas. The chlorine compounds present in
the flue gas provide an excellent oxidant in the gas stream for the conversion
to oxidized mercury. Standard or untreated activated carbons only effectively
remove oxidized mercury from the flue gas. The mercury concentration in
the flue gas in these applications was typically relatively high. Owing to the
prevalence of mercury in municipal waste and hazardous waste, concentrations
of mercury >200pgm™ of flue gas were not uncommon. Activated carbon
treatment dosages of 3—6 pounds per million actual cubic feet (Ib/MMacf)” or
30—60 mg m~ of flue gas were also common [2].

19.2
Application of Activated Carbon for Mercury Control

When injecting activated carbon for mercury control, the mercury capture occurs
in the particulate collection device. The two most common particulate collection
devices installed at-coal fired power plants are an electrostatic precipitator (ESP)
and a fabric filter.

1) 11b/10° ft = 16 mg m~3; sorbent loading is typically measured per “actual” volume at the temper-
ature of the particulate control device and is usually denoted as Ib/MMacf.

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.

311



312

19 Halogenated Carbon Sorbents

ESPs electrically charge the ash and powdered activated carbon (PAC) particles
in the flue gas to collect and remove them [3]. The unit comprises a series of paral-
lel vertical plates through which the flue gas passes. Centered between the plates
are charging electrodes that provide the electric field. The collecting plates are
typically electrically grounded and are the positive electrode components. The
discharge electrodes in the flue-gas stream are connected to a high-voltage power
source (typically 55—75 kV DC) with a negative polarity. An electric field is estab-
lished between the discharge electrodes and the collecting surface. As the flue gas
passes through the electric field, the particulate takes on a negative charge, which,
depending on particle size, is accomplished by field charging or diffusion.

Dust that has accumulated to a certain thickness on the collection electrode is
removed by one of two processes, depending on the type of collection electrode.
Collection electrodes in precipitators can be either plates or tubes, with plates
being more common. Tubes are usually cleaned by water sprays, while plates can
be cleaned either by water sprays or a process called rapping. Rapping is a pro-
cess whereby deposited, dry particles are dislodged from the collection plates by
sending mechanical impulses, or vibrations, to the plates. Precipitator plates are
rapped periodically while maintaining the continuous flue-gas cleaning process.
In other words, the plates are rapped while the ESP is online; the gas flow contin-
ues through the precipitator and the applied voltage remains constant. Plates are
rapped when the accumulated dust layer is relatively thick (0.03—0.50in.). This
allows the dust layer to fall off the plates as large aggregate sheets and helps elim-
inate dust re-entrainment.

A fabric filter collects the dry particulate matter and PAC as the cooled
gas passes through the filter material [4]. The fabric filter is comprised of a
multiple-compartment enclosure, with each compartment containing up to
several hundred long vertically supported, small-diameter fabric bags. The gas
passes through the porous bag material, which separates the particulate and PAC
from the flue gas.

With the typical coal-fired boiler, the PAC-laden flue gas enters the filter inlet
plenum, which in turn distributes the gas to each of the compartments for clean-
ing. An outlet plenum collects the cleaned flue gas from each compartment and
directs it toward the induced draft fan and stack. Each compartment has a hop-
per for particulate and PAC collection. The individual bags are closed at one end
and connected to a tube sheet at the other end to permit the gas to pass through
the bag assembly. The layer of dust and PAC accumulating on the bag is referred
to as the cake. As the cake builds and the flue-gas pressure drop across the fab-
ric filter increases, the bags must be cleaned. This occurs after a predetermined
operating period or when the pressure drop hits a set point. Each compartment
is sequentially cleaned to remove the excess cake and to reduce pressure drop.
A residual cake coating is preferred to enhance further collection. Owing to the
longer contact time when employing fabric filters, the dosage is up to 75% less
than that needed for ESPs.
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Table 19.1 Key coal properties [6].

Coal rank Drybasis Hg(ugg™') Cl(ngg™") S(wt%) Ash(wt%) Higher heating
value, HHV
(MJkg™")
Bituminous Average 0.11 1033 1.69 11.10 31
Range 0.04-0.28 48-2730 0.55-4.1 54-27.3 20.11-32.60
Subbituminous Average 0.07 158 0.50 8.00 28
Range 0.02-0.14 51-1143 0.22-1.16 4.7-26.7 20.02-20.63
Lignite Average >0.11 188 1.30 19.40 23
Range — 133-233 0.8-1.42 12.2-24.6 22.07-24.89
19.3

Development of Halogenated Activated Carbon

19.3.1
Motivation

In the United States, the federal Clean Air Mercury Rule (CAMR) was vacated
by a Federal Court in February 2008, and a new federal standard for regulation of
mercury emissions from power plants (the Mercury and Air Toxics Standards or
MATS) has just been finalized. The MATS will not go into effect until 2015, at the
earliest; however, as of 2011, 16 states had their own mercury emission regulations
[5]. Before the vacatur of CAMR there was a need for the development of mercury
control technologies from coal-derived flue-gas streams, and a new challenge for
activated carbon. Low-rank coal fuels, including lignite and subbituminous fuels,
typically have very low halogen content. As a result, mercury present in the flue
gas from low-rank coal combustion is mostly elemental mercury, which provides
a challenge for the standard activated carbons.

As discussed in Chapter 2, coal is ranked by age and key characteristics (calorific
value, volatile matter, and carbon content). The three main coal ranks, lowest to
highest, that power plants in the United States utilize as fuel are lignite, subbi-
tuminous, and bituminous. Each of these ranks contains subgroups that provide
further differentiation of the key characteristics. Table 19.1 summarizes coal prop-
erties by rank relevant to mercury control in coal-fired boilers.

The relationship of coal rank to chlorine content is not easily explained and
there are several factors involved over the lifetime of the formation of the coal.
In the United States, bituminous coals have higher chlorine content by weight
than lower rank coals,” with lignite having the least amount of chlorine content
by weight.

2) The exception is that beginning with the higher ranked bituminous coals (low volatile and medium
volatile), a decrease in chlorine content is seen because of the decreasing sorption capacity of the
highly carbonized coal organic matter [17].
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Leading up to the 2005 CAMR, much test work was completed in coal-fired
power plants with support from the National Energy Technology Laboratory
(NETL) division of the Department of Energy (DOE), as discussed in Chapter 10.
It was demonstrated early in the plant testing programs that standard activated
carbons had limited mercury removal capabilities in flue-gas streams from
combustion of low-rank coal fuels. In all, the DOE NETL funded over 40 full-
scale field tests for mercury removal with various APCDs (air pollution control
devices) [7].

The DOE-sponsored testing program at Pleasant Prairie Power Plant in the
early 2000s showed a distinct limitation of standard activated carbons for
mercury emission control with Powder River Basin (PRB) subbituminous fuels
[8]. Certain levels of mercury removal were possible, but reaching 80% or 90%
removal was not achieved with standard PAC. Reduction curves demonstrating
diminishing return on additional carbon dosage were developed from that work.

Similar results were achieved at Stanton Station in the same time period on
lignite fuel [8, 9]. It was determined that the low halogen level in the low-rank
coals was responsible for the low level of oxidized mercury in the flue gas, which
prevented effective removal of mercury from the flue-gas stream with PAC.

In the Sunflower Electric testing of 2005 at Holcomb Station, this concept (ele-
mental vs oxidized mercury) was tested at a facility that burned a PRB subbitumi-
nous coal and had a pollution control train including a spray dryer absorber and a
fabric filter [10]. In this trial, 90% mercury removal efficiency was achieved at ~6 1b
of untreated activated carbon injection per million actual cubic feet (MMacf)
of gas flow. Correspondingly, 90% removal efficiency was achieved at just over
11b MMacf™! of an experimental halogenated activated carbon.

This step forward in technology was later duplicated at Meramec Station near
St. Louis, Missouri, in a demonstration that also used a PRB coal fuel [10]. This
site had an ESP and also an unusually high level of unburned carbon in the fly ash.
Mercury removal levels of 90% were achieved at 31b MMacf™! activated carbon
injection rate with a halogenated activated carbon. When standard activated car-
bon (not halogenated) was tested, mercury removal levels did not reach 80%, even
at carbon injection rates as high as 151b MMacf™!.

Since before the beginning of the DOE field test work, there was a great deal
of speculation and research on the mechanism of mercury removal from flue gas
when utilizing halogenated and nonhalogenated activated carbon. In general, acti-
vated carbon is a highly porous adsorption material with a complex structure
composed primarily of carbon atoms (see Chapter 17). The structure consists of
graphitic-like sheets of carbon atoms joined together by random cross-linkage.
Unlike the orderly stacking of layers of carbon atoms in true graphite, an activate
carbon has sheets or groups of atoms that are stacked unevenly and disorganized.
This randomized bonding of the graphite sheets creates a highly porous structure
with myriad nooks and crannies, cracks, and crevices between carbon layers. It
is this molecular-size porosity and resulting enormous internal surface area that
makes activated carbon such an effective material for adsorbing mercury. Acti-
vated carbon’s pore surface is a defect structure with a cloud of unpaired electrons.
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It contains an array of chemical functional groups containing oxygen that form
active sites where adsorption occurs. It is not unreasonable to visualize an active
carbon particle as one enormous carbon molecule. It is capable of reacting with,
and bonding to, mercury as well as trapping it within its internal structure by elec-
trostatic attraction.

19.3.2
Manufacture

Activated carbons are manufactured by one of two processes: high-temperature
steam activation or chemical activation using a strong dehydrating agent. Steam
activation is the most commonly used method for activated carbon production. It
is performed in a furnace and consists of the following steps:

1) Drying — All of the raw materials currently in commercial use contain some
residual moisture which must be removed before activation can take place.

2) Devolatilization — The lighter boiling organics are driven off the carbon raw
material. These volatiles have some fuel value and may be used to reduce the
overall energy requirements of the process.

3) Charring — The higher molecular weight organics are reduced to carbona-
ceous char residue. This char becomes the active carbon product during acti-
vation.

4)  Activation — The activation step is generally conducted in a steam atmosphere
at temperatures that vary depending on the type of carbon to be produced.
Typically, half of the carbonaceous char material entering the activation step
will be volatilized during activation to create the desired internal pore struc-
ture.

The International Union of Pure and Applied Chemistry IUPAC differentiates
carbon pores by size; micropores have diameters <2 nm, mesopore has diameters
between 2 and 50 nm, and macropore has diameters >50 nm. The iodine num-
ber, bromophenol blue number (BPB), moisture, bulk density, surface area, mesh
size as well as bromine concentration are physical properties used to characterize
halogenated activated carbon. The iodine number is a relative measure of micro-
porosity. The BPB is a relative measure of range of mesoporosity. The moisture is
the weight percent of moisture contained in the activated carbon. The bulk den-
sity is defined as the mass of many particles of the material divided by the total
volume they occupy. The total volume includes particle volume, interparticle void
volume, and internal pore volume. Surface area is the area contained in the particle
including pores per gram of the material.

The size of an activated carbon is described by referring to a certain mesh size.
By itself, this type of description is somewhat ambiguous. More precise specifi-
cations will indicate that a material will pass through some specific mesh (that
is, have a maximum size; larger pieces will not fit through this mesh) but will be
retained by some specific tighter mesh (that is, a minimum size; pieces smaller
than this will have passed through the mesh). This type of description establishes
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a range of particle sizes. Bromine percentage is the weight percent of bromine in
the activated carbon.

The mechanism by which halogenated activated carbons adsorb elemental
mercury is not completely understood at present, and it is a very complex ques-
tion when considering the differences in activated carbons made from different
raw materials and different processes. Chapters 23 and 25 discuss the underlying
mechanisms in more detail.

Several different base raw materials including bituminous coal, subbituminous
coal, lignite coal, peat, wood, and coconut shells may be used in the production of
activated carbon for mercury removal from flue gas. All these raw materials will
produce activated carbons with different pore structures, carbon lattices, ash com-
positions, and internal pore surface functional (oxygen) groups. Furthermore, any
individual raw material will also create different surface groups when processed
under different activation and cooling conditions.

19.33
Performance

Itis well known in the industry that halogenation of the activated carbon increases
the ability of the activated carbon to adsorb elemental mercury. Figures 19.1
and 19.2 show full-scale data on the removal of mercury across cold-side ESPs
(Figure 19.1) and spray dryer plus fabric filter (Figure 19.2). In these figures,
Darco Hg is a non-brominated carbon (Norit Americas). The brominated carbons
are Darco Hg-LH (Cabot Norit Activated Carbon) and B-PAC (Albemarle).
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Figure 19.1 Mercury removal across cold-side ESPs at subbituminous-fired boilers; see text
for discussion of carbon types [9, 10].
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Figure 19.2 Mercury removal across spray dryer—fabric filter at subbituminous-fired boiler;
see text for discussion of carbon types [10].

There are different theories as to the actual mechanism principally responsi-
ble for the adsorption. Elemental mercury is a highly polarizable atom because of
its large number of electrons, which, by theory, should be subject to London dis-
persion forces [11]. In many activated carbon applications, it is generally believed
that van der Waals forces of attraction are part of the mechanism of adsorption.
Other theories have their basis in the idea that the surface of the activated carbon
effectively acts similar to a Lewis acid through the formation of charge-transfer
compounds on the surface of the carbon through halogenations [12].

Studies performed at Energy and Environmental Research Center have exam-
ined the effects of flue-gas acid species such as HCI, SO,, NO, NO,, on mercury
capture as well as mercury binding and oxidation mechanism. In the model they
propose, electrons must be accepted by a Lewis acid on activated carbon and then
Hg?*, which is a Lewis acid that can bind to Lewis base sites on the surface com-
peting with other acidic species. Chapter 25 provides more detail on this work.

To add to the difficulty of surely identifying the mechanism behind elemental
mercury adsorption, one must first address what form the halogen has taken while
being applied to the activated carbon. In terms of application, information in the
public domain indicates two primary methods of application. Halogen salts (pri-
marily chlorine, bromine, and iodine) have been identified as both fuel additives
and treatments for activated carbon. Studies have indicated that the larger the
atom added to the surface of the activated carbon, the more effective it would be in
oxidizing elemental mercury on the surface of the activated carbon. A lesser used
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but also effective method of application is gas-phase impregnation of the activated
carbon with gaseous bromine compounds. It is unlikely that the halide salt addi-
tion is captured on the internal pore surfaces of the activated carbon in a manner
identical to that of a gas-phase treatment. According to X-ray studies, it has been
shown that adsorbed mercury is indeed bound on the carbon pore surface in an
oxidized form [13]. In addition, adsorbed mercury bound on the activated carbon
pore surface appears to be located at halogenated sites, according to the other
X-ray studies [14].

As one considers the complexity of a power plant fuel mix, boiler configuration,
and its APCDs, it becomes apparent that many variables affect the ability of acti-
vated carbon to remove mercury from flue gas. As an example, it is commonly
known that relatively high concentrations of sulfur trioxide (SO;) have a substan-
tial and negative impact on the activated carbon’s ability to effectively remove
mercury.

The presence of high concentrations of sulfur trioxide in the flue gas can be
attributed to two main applications. Intuitively, higher sulfur fuels (typically bitu-
minous) create higher sulfur dioxide flue gases, and hence higher sulfur trioxide
levels in the flue gas. In addition, if the APCDs include an SCR (selective catalytic
reduction), sulfur trioxide levels will typically be higher, because the SCR cata-
lyst oxidizes some fraction of SO, to SO5 (Chapter 15). In some newer coal-fired
power plants burning bituminous fuels, levels of 50 ppmv of sulfur trioxide are
found in the flue gas [15]. More commonly, bituminous facilities will have sulfur
trioxide levels in the range of 10—20 ppmv.

The other situation in which sulfur trioxide becomes an issue is in flue-gas
conditioning for ESP performance improvement. Sulfur trioxide is injected into
the flue gas to improve ESP particulate collection performance. Sulfur trioxide
is injected into the flue gas to improve ESP particulate collection performance
typically at a level of 4—10 ppmv of sulfur trioxide. The flue-gas conditioning
treatment, as of this writing, is a very common challenge to the implementation
of current mercury control programs using activated carbon injection.

The state of Illinois has implemented the most stringent mercury control regula-
tions to date. Many units located in Illinois were designed for burning high-sulfur,
Illinois-basin bituminous coal. These coals have high sulfur and moderate ash con-
tents. Subbituminous coals, although lower in ash than eastern bituminous coals,
have much less sulfur and the resistivity of the fly ash is higher.

Resistivity is a measure of the particle’s ability to transfer charge. Fly ash resis-
tivity is a function of the particle composition and also the conditions in the flue
gas: temperature, moisture, and sulfur trioxide concentration. If the resistivity of
fly ash is too high, the ESP will not be able to collect it efficiently. The resistivity of
fly ash from a low-sulfur coal is generally higher than that from a high-sulfur coal.
Switching from a high-sulfur coal to a low-sulfur coal, therefore, can degrade the
efficiency of an ESP. Flue-gas conditioning involves injecting a chemical upstream
of the ESP; the chemical lowers the resistivity of the fly ash and improves the col-
lection efficiency of the ESP.
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Most units are equipped with ESPs, and thus face the challenge of particulate
capture efficiency. Many units need to apply flue-gas conditioning to improve their
performance, and sulfur trioxide is a common technology used for this enhance-
ment. Although the mechanism for adsorption of sulfur trioxide has not been well
studied, as is the case in many gas-phase applications for activated carbon, cap-
illary condensation is thought to be an important mechanism for the removal of
condensable constituents from flue gas. As sulfur trioxide molecules accumulate
in the pore structure of the activated carbon, the molecules become closer and
closer in proximity and are effectively compressed and condense in the pore. This
phenomenon has a higher probability of taking place in smaller diameter pores
such as micropores. Correspondingly, it is less likely to take place in mesopores or
macropores.

In commercial application, halogenated activated carbons show improved resis-
tance to the mechanism contributing to decreased activated carbon efficiency. The
mechanism for this improvement is not well understood.

Another flue-gas variable that affects removal efficiency of activated carbon in
general is the temperature. As activated carbon adsorption processes are an equi-
librium based on the concentration of the contaminant in the stream, higher tem-
peratures tend to favor desorption rather than adsorption. This has been demon-
strated in many of the DOE trial programs. Halogenated activated carbons have
demonstrated better mercury capture at higher temperatures [16]. It is speculated
that the improved resistance is due to imparting higher charge imbalance on the
surface of the activated carbon and hence improving the kinetic equilibrium in
favor of adsorption.

19.3.4
Balance-of-Plant Impacts

Mention was made earlier in the chapter about the potential halogens that may
be used in this process. Chlorine, bromine, and iodine have all been evaluated
through the development of halogenated carbons for mercury removal from flue
gas and all are used commercially to at least some degree. Owing to both effective-
ness (ability to oxidize mercury) and commercial considerations (price, availabil-
ity, supply chain reliability), most commercial products have been formulated with
the use of bromine or bromine compounds as the preferred halogen. Given the
great diversity of flue-gas constituency and potential interactions of a strong oxi-
dant within other compounds in the gas, at least some concern needs to be given
to the potential reactions to avoid other undesirable side effects. As an example,
ammonia slip in excess may react with sulfur trioxide and form ammonium sulfate
precipitate on APCD equipment upon cooling. When SCR work first began, this
was not an expected outcome, but had material impacts.

All halogens can have the potential of being corrosive if handled improperly or
handled in inappropriately designed equipment. For the handling of halogenated
activated carbons, the use of high-grade stainless steel is not uncommon,
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particularly in the feeder portion of the systems, to ensure that the equipment is
not degraded.

Halogenated activated carbons have been a major technological advance for

the mercury removal from coal-derived flue gas. Advancements in the efficiency
and method of application are ongoing and sure to be followed by step changes
to come.
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Concrete-Compatible Activated Carbon
S. Behrooz Ghorishi

20.1
Introduction

The fly ash generated from coal combustion is virtually identical in its composition
to volcanic ash and is ideal for concrete use. According to the American Coal Ash
Association, the United States produced 65.6 million metric (MM) tons of fly ash
in 2008. Replacing cement in concrete is the primary use of fly ash. About 11.5 MM
tons of fly ash went to concrete market in 2008 [1]. This is the highest value use
of coal combustion fly ash. Reuse of fly ash to partially substitute for cement in
concrete is a major success in waste recycling in the US and has significant eco-
nomic, environmental, and technical benefits. The economic benefits of using fly
ash to replace a fraction of the cement in concrete include increased revenue from
the sale of the ash, reduced costs for fly ash disposal, and savings from using the
ash in place of the more costly cement. Concrete performance benefits include
greater resistance to chemical attack, increased strength, and improved workabil-
ity. Environmental benefits include reduced greenhouse gas emissions, reduced
land disposal, and reduced virgin resource use.

Recently the U.S. EPA finalized new federal regulations on coal-fired power
plant mercury emissions based on Maximum Achievable Control Technology
(MACT). Twenty states have also started controlling the mercury emissions from
utilities in their state by 70-90% [2]. For the majority of the coal-fired power
plants, the leading technology to comply with the new mercury regulations is
activated carbon injection (ACI) [3]. Power plants inject powdered activated
carbon (PAC) based mercury sorbents into the flue gas to capture mercury. The
carbon sorbent is injected upstream of the plant’s existing particulate control
device, usually either an electrostatic precipitator (ESP) or a fabric filter (FF)
baghouse. Currently, 150 ACI systems have been installed by the coal-fired power
plants across the country [4].

The main concern for power plants that sell their fly ash for cement replacement
is that PAC-based sorbents make the fly ash incompatible with concrete, causing
the fly ash to be landfilled. This is doubly negative, because not only must the fly
ash be disposed of rather than beneficially used, but also the opportunity is missed
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to physically and chemically sequester the mercury from release and interactions
with the environment by encasing it in the concrete. Mercury that is sequestered in
concrete is very stable. Golightly et al. [5] measured mercury release during curing
of concrete that contained fly ash or fly ash/carbon that had mercury adsorbed on
it. The mercury flux from the concrete samples resembled those from natural soils
indicating no increase in baseline mercury emission from concrete that is made
by inclusion of coal combustion fly ash/PAC. Because of the high surface area of
typical PACs and their high adsorption capacity, if even the smallest amount gets
mixed in with fly ash, the fly ash can no longer be used in concrete [6]. As shown
by Senior et al. [6] in their field studies of class C fly ash mixed with activated
carbon, the PAC adsorbs the air-entraining admixtures (AEAs) later added to the
concrete slurry. These surfactants enable incorporation of the precise amount of
air bubbles needed to create the air voids required for concrete workability and
freeze-thaw capabilities.

Mercury emissions from cement kilns are also increasingly recognized as
a problem. ACI offers the cement kilns a very cost-effective mercury control
technology. PACs could similarly be injected into these exhaust gases and be
collected in the particulate removal devices that separate the cement kiln dust
(CKD) from the exhaust gases. However, because the collected CKD would
then contain AEA-adsorbent PACs, it could no longer be sold as cement for
air-entrained concretes.

To preserve the sale of fly ash and to continue the use of CKD, “concrete com-
patible” PAC needs to be developed. Concrete compatible activated-carbon-based
mercury sorbent allows power plants to continue to sell their fly ash and cement
kilns to continue the use of CKD while also having very good mercury capture per-
formance. There are a number of concrete compatible activated carbon products,
one of which is Albemarle Corporation’s Concrete-Friendly™, C-PAC™, which
is now commercially available. Calgon Carbon Corporation and Norit Americas
also offer concrete-compatible products referred to as FLUEPAC ®-CF PLUS and
DARCO® Hg-CC, respectively.

Topics covered in this chapter are as follows: new and innovative metrics to
define the concrete-compatibility of mercury sorbent, production of concrete-
compatible products including C-PAC™, C-PAC™ specifications, commercial
application of C-PAC™ in various plants, and the results of concrete test with the
resultant fly ash containing C-PAC™.

20.2
Concrete-Compatibility Metrics

Traditionally, the foam index method has been used to determine the concrete
compatibility of different fly ashes. The foam index test is a relatively crude method
used to predict the relative degree of adsorption of AEAs that a fly ash sample’s
components, primarily carbon, will have in a concrete slurry. As described before,
AEAs are surfactants that are added to concrete mixes to form fine, stable bubbles



20.2 Concrete-Compatibility Metrics

that are needed for void volume so that concretes do not crack when interstitial
water freezes. Foam index tests are usually done by titrating an AEA solution into
a mixture of fly ash and water until a stable foam forms on the surface after agita-
tion. The number of drops of AEA that it takes to saturate the fly ash components
so that some is available to form a foam denotes the sample’s foam index (FI).
Dividing the FI by the amount of carbon in the sample provides a Specific Foam
Index (SFI). Unfortunately, there is significant variability and, sometimes, a lack
of repeatability in performing foam index measurements. These are the results
of operator discretion, the use of different and variable reagents, varying labora-
tory equipments and “drop” sizes, non-standardized procedures, and the dynamic,
nonequilibrium nature of the test. Also the foam index is specific to the AEA used
in the particular measurement.

Pederson et al. [7] introduced a new method based on dynamic surface tension
measurements (using a bubble pressure method) on filtrate from a fly ash and
cement suspension. This method is claimed to have less variability as the foam
index method. A pure surfactant is added to the suspension as a substitute for a
commercial AEA. The surface tension method and the foam index test have been
compared on fly ashes acquired from power plants in Denmark and the United
States. The results revealed a good relationship between the two methods. This
new method and the foam index technique are affected by changes in temperature.
The authors stated that the surface tension method requires further work before
a finished procedure is accomplished. Stencel et al. [8] introduced an automated
foam index testing based on detecting acoustic waves emanating from a container
in which cement-ash mixture is tested. AEA in water is dosed in the container
and agitation is performed using precise computer control. The real-time nature
of the acoustic emissions from the container provides dynamic assessment of foam
stability. This method removes operator error in the foam index test, but it is still
suffers from other drawbacks of this method as mentioned above.

In its development of a concrete-compatible mercury sorbent, Albemarle Cor-
poration needed a standard, repeatable method to gauge the effect that different
PACs would have on AEAs in a concrete mix. PACs are similar to the unburned
carbon found in fly ash, but they have significantly higher surface area. The lack
of reliability and precision encountered when trying to use foam index testing on
PAC or PAC/fly ash blends proved unsatisfactory.

Consequently, a standardized and repeatable method for measuring the effect
of fly ash carbon or mercury sorbent carbon on AEAs was developed to replace
foam index test. This new method is a more accurate indicator of AEA interfer-
ence than the traditional foam index test. It uses a standard reagent, tested at an
equilibrium condition, and eliminates operator discretion in determining when a
sample begins to “foam” by utilizing instrumental measurements. Based on this
new method, Albemarle Corporation developed its Concrete-Friendly™ mercury
sorbent known as C-PAC™.
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20.2.1
The New and Innovative Concrete-Friendly™ Metrics; the Acid Blue Index

The new method is based on a standard reagent, acid blue 80 (AB80) (CAS 4474-
24-2), rather than a non-standard AEA. Numerous dyes were evaluated for their
correlations of adsorption with the foam indexes of various AEAs. AB80 provided
the best results. Moreover, AB80 has a chemical structure and molecular size sim-
ilar to some AEAs. Among the other tested dyes, one was methylene blue (CAS
7220-79-3; see Figure 20.1)

Methylene blue has been tried by other researchers for this role, however
results indicates that the methylene blue adsorption of several commercially-
available PACs does not correlate well with their foam index values, as indicated
in Figure 20.2, while AB80 does.

ABB8O is one of the anthraquinone type acid dyes (Figure 20.3).

The adsorption spectrum of an AB80 aqueous solution is shown in Figure 20.4.
It has three peaks at 626, 581, and 282 nm, respectively. The appearance of several
adsorption peaks for a given chromophore is common for a highly conjugated
system.

The overall procedure of AB80 adsorption that was developed is very similar to
ASTM D 3860-98 Standard Practice for Determination of Adsorptive Capacity of
Activated Carbon by Aqueous Phase Isotherm technique. First, the PAC sample
is oven-dried at 150 °C for 3 h prior to the test. Different dosages of dried car-
bon are then added to 50 ml of 100 mg1~! AB8O solution and well stirred. After
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Figure 20.1 Structure of methylene blue.
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Figure 20.2 Correlation between specific foam index and methylene blue adsorption.
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Figure 20.3 Structure of AB80.
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Figure 20.4 Adsorption spectra/wave scan of standard acid blue 80 solution.

the adsorption reaches an equilibrium, the carbon is separated from the AB8O
solution by filtration. The concentration of the filtrate is determined, for example,
by using Perkin Elmer Lambda EZ201 Spectrophotometer. The amount of AB80
removed by the activated carbon is determined by the relative change of AB80
solution prior to and after contact with activated carbon. The AB80 adsorption
of the dosage carbon is then plotted with the equilibrium concentration of AB80
solution. The adsorptive capacity is calculated from a Freundlich isotherm plot
at the original concentration of the AB80 solution, which is defined as Acid Blue
Index (ABI) in the Albemarle-developed method.

During this method development, it was found that some chemically treated
carbons interfere with AB80 adsorption. In order to eliminate this interference,
such samples should be prewashed and extracted by deionized or distilled water
until none of the impregnation chemicals is detected in the solution. For example,
5g of B-PAC™ (an Albemarle Corporation’s mercury sorbent; a non-concrete
compatible brominated PAC) was washed with 250 ml of water, then filtered
and rinsed with 11 of water to properly prepare this brominated carbon for an
ABI measurement. The sample weights of the activated carbons used in the
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adsorption test may have to be adjusted depending on the adsorptive capacity of
the activated carbon. A general guideline is that the concentration of the AB8O
solution after contacting activated carbon should fit into the linear range of
the AB80 working curve obtained based on the adsorption spectra at different
concentrations (see Figure 20.5).

Based on the absorbance at 626 nm, the working curve for AB80 solutions was
determined and is displayed in Figure 20.6. It can be used to calculate AB80 con-
centrations in solutions after adsorption by various activated carbons at various
dosages.

The adsorption of AB80 by activated carbon fits well into a Freundlich Adsorp-
tion Isotherm, as shown in Figure 20.7. The AB80 adsorption of various activated
carbons was determined based on Freundlich isotherms with the original AB80
solution concentration (100 mg1~!) and the adsorption is defined as the ABI.

Depending on the different activation conditions, the pH of PACs can vary from
very acidic to basic. Consequently, the effect of pH on the absorbance at 626 nm
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Figure 20.5 ABB80 adsorption spectra at different concentrations.
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Figure 20.6 Working curve for AB80 solution.
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Figure 20.7 Freundlich isotherm for a tested activated carbon.

of AB80 solutions was investigated. The pH of the AB80 solutions was adjusted
by H,SO, or NaOH in order to obtain a series of AB80 solutions with different
pHs. Within the test pH range of 2—12, the absorbance of the AB solutions vary
about +2%, which suggests that the absorbance of AB80 solution is independent
of the pH of solution. The time needed for the adsorption to reach equilibrium
is another important parameter in this method. AB80 adsorption progresses rel-
atively quickly, with the adsorption capacity reaching a plateau at about 30 min.
This is the recommended time for carrying out the AB8O tests.

The Albemarle-developed ABI method has been extensively tested using a
broad variety of carbon-containing materials. These include a series of laboratory-
made activated carbons, a range of commercially-available activated carbons
from different precursors, and different chemically treated activated carbons,
including Albemarle Corporations’ B-PAC™ and C-PAC™. A comparison of the
ABIs and SFIs of some of these activated carbons using various commercially-
available AEAs is shown in Figure 20.8. Use of different AEA compounds result
in a wide range of SFI but a very narrow range of ABI, indicating that the ABI is
the most appropriate method to determine concrete compatibility of a material.
As evident from this figure C-PAC™ has ABI values below 10 mg g~! and very low
SFI. The data in this graph is used to set specification for concrete-compatibility
of PAC/fly ash mixtures (see the next section).

20.3
Production of Concrete-Compatible Products Including C-PAC™

In C-PAC™ production, a one-step method is used. Before detailing this produc-
tion technique, a review of a number of other techniques is presented. Fly ash that
is mixed with carbon can be treated and passivated with ozone. Hurt et al. [9] in
US Patent 6 136 089 teaches such method. Chen et al. [10] also discusses this tech-
nique in their paper. Ozone chemically passivates the surface of carbon in fly ash
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Figure 20.8 Comparison between ABIs and SFI of a number of activated carbons and
C-PAC™,

and thus improves the air entrainment characteristic of fly ash. This process leaves
the carbon in place, but adds surface oxygen complexes whose presence inhibits
adsorption of the surfactant. This procedure requires treating large quantities of
fly ash. Nelson [11] teaches a similar method that is only applied to the produced
activated carbon before its injection into the flue gas and mixing with the fly ash.
This method treats smaller volumes of solid material but still is an additional step
in the production of activated carbon.

Jolicoeur et al. [12] discuss the use of “sacrificial agents or admixtures” to
overcome the negative impact of carbon particles in adsorption of AEAs. The
model sacrificial agent used in their study was ethyleneglycolphenylether (EGPE).
They showed that addition of EGPE prevents the deleterious carbon effect on
air entrainment by altering the surfactant adsorption and the surface energy
(wetting behavior) of the carbon particles. They also observed that the addition of
excessive dosages of EGPE has no detrimental consequences on air entrainment.
However, this method still requires addition of another compound to the cement
mixture. Another method to prevent the deleterious effect of carbon in fly ash is
by carbon burnout [13]. In this method and before use in concrete mixture, the
carbon in fly ash is simply burnt off in a fluidized-bed reactor with temperatures
reaching 860 °F. Obviously, this process requires addition of external energy to
accomplish carbon burn-off. This is a drawback of this technique.

Alow-ABI carbon-based mercury sorbent can be produced by activating carbon
using a one-step carbonaceous mercury sorbent precursor consisting of wood,
lignite, coconut shell, or coal. The activation temperature and time period should
be limited such that the ABI of the activated carbonaceous mercury sorbent does
not exceed 15mgg~! of sorbent (a specification discussed in the next section).
This constitutes a one-step production process and no post-treatment processing
of the activated carbon is required.
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The keys to creating carbonaceous mercury sorbents that can be used together
with fly ash in air-entrained concretes are: (i) a minimized PAC mesoporosity
and/or (ii) a proper carbon surface chemistry. According to the International
Union of Pure and Applied Chemistry’s guidance on Reporting Physisorption
Data for Gas/Solid Systems, activated carbon pores with widths less than 2 nm are
considered micropores. Pores with widths between 2 and 50 nm are considered
mesopores and pores with widths exceeding 50 nm are considered macropores.
To create a concrete-compatible carbonaceous mercury sorbent, the carbon’s
mesoporosity must be minimized, while retaining adequate reactive microporos-
ity. AEA compounds are relatively large molecules, on the order of 1-3 nm long.
By minimizing the number of pores that the AEA molecules can fit into or be
transported through, the amount of AEA that can be deleteriously adsorbed from
the concrete slurry can also be minimized. The particular surface chemistry of the
carbonaceous mercury sorbent is also very important in determining the degree
of AEA adsorption on PACs. The presence of particular oxygen functional groups
on the surface of the PAC and the net charge of the surface could promote or
impede the attachment of AEAs. Oxygen-containing functional groups created
during air activation should impart an acidic, hydrophilic character to the carbon
surface, which can repel the hydrophilic heads of the AEA molecules. By increas-
ing the hydrophilicity of the PACs the adsorption of AEAs may be retarded, with
little deleterious effect on gas-phase mercury adsorption. Additional information
regarding production of C-PAC™ can be found elsewhere [14, 15].

204
C-PAC™ Specification

Albemarle Corporation has developed a brominated activated-carbon-based mer-
cury sorbent with a very low SFI value, called C-PAC™. The ABI of this material
is less than 10mgg™! (see Figure 20.8). ABI is the most important characteris-
tic of this concrete-friendly™ material determining its use in concrete. Based on
extensive testing, Albemarle has determined that ABI values of <15mgg™ are
acceptable. There are a number of other specifications that determine the effec-
tiveness of C-PAC™ both for mercury removal and its concrete-friendliness. These
values are listed in Table 20.1.

20.4.1
Commercial Application of C-PAC™

In this section, full-scale test results performed with C-PAC™ at a number of
utilities and cement plants are presented and discussed. The focus is on the effec-
tiveness of mercury removal using C-PAC™ and the effect of the sorbent on the
concrete parameters of the resultant fly ash.
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Table 20.1 C-PAC™ specifications.
Property Value
Acid Blue 80 Index (mgg™!) <15
Bromine (wt%) 7
Moisture (%) 8
Iodine number (mgg™!) >500
Tapped bulk density (gcm™3) 0.56
Particle size less than 325 mesh (%) >95
Ash content (wt%) <12
Ignition temperature (°C) >400
20.4.2
Full-Scale C-PAC™ Trials at Midwest Generation’s Crawford Station
The goal of the full-scale C-PAC™ injection for mercury control at the Crawford
plant was to determine if greater than 70% reduction of mercury could be achieved
while maintaining the quality of the fly ash for concrete sales. The Crawford Sta-
tion Unit 7 fires PRB (Powder River Basin) coal and has an ESP with a specific
collection area of 0.4m? per actual cubic meters per minute (120 ft> per 1000
actual cubic foot per minute). Much of this plant’s fly ash has historically been sold
for concrete use. During the month-long continuous test, C-PAC™ was injected
at an average rate of 74 mg/m? (4.6 pounds of sorbent per million actual cubic feet
of flue gas or Ib MMacf™!). An average total mercury removal rate of over 80% was
achieved, as indicated in Figure 20.9.
The sorbent injection rate varied over the course of the trial, as it might in
commercial practice, putting varying amounts of the sorbent in the fly ash and
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Figure 20.9 Crawford unit 7 mercury removal and injection rates over 30 days
(11b MMacf~" =16 mgm~3).
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Figure 20.10 Foam index of Crawford fly ash during a 30-days C-PAC injection trial.

challenging the consistency of the fly ash for concrete use. Despite this, the
resulting AEA adsorption of the ashes held to a tight band (see Figure 20.10).
During the trial, the stack opacity improved, rather than degraded. It was
observed that C-PAC™ injection had the co-benefit of improving the particulate
collection performance of the ESP.

The resulting fly ash from this unit was usable in concrete. Moreover, fly ash
from the front hoppers was usable in premium concrete (Figure 20.10). Using
Vinsol® AEA, if the foam index is <40 drops, Crawford’s fly ash is considered
acceptable for cement replacement in premium concrete. At 99 drops or less, it
can be used in standard concrete. The 40-drop cut off for premium concrete is a
somewhat arbitrary value, based on the foam index of the unburned carbon and,
particularly, on the variation observed in this value. The standard deviation of the
C-PAC™-containing ash was only four drops, while that of the baseline control
ash was even higher, at five drops.

20.4.3
Full-Scale C-PAC™ Trials the PPL Montana Corette Station

The purpose of the trial conducted at the Corette Steam Generating Station of PPL
Montana was to determine whether the injection of C-PAC™ could reduce the
mercury emissions by 80% while maintaining the ability to sell the fly ash for use
in concrete. Two different continuous mercury monitors (PSA continuous emis-
sion monitor (CEM) and Ohio Lumex) and an Appendix K sorbent trap sampler
were used for mercury measurements at this site. The injection trial was around
the clock beginning at an injection rate of 31b MMacf™!, based on an ESP inlet
(cold-side) flow basis. In the first phase of the parametric testing, mercury removal
rates of >80% were achieved at an injection rate of 31b MMacf~! and >90% at an
injection rate of 51b MMacf™! (see Figure 20.11).

PPL Corette burns a PRB subbituminous coal. The coal samples contained
about 30% moisture, <5% ash, and 0.3% sulfur. The coal heat content was slightly
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Figure 20.11 Mercury removal and C-PAC™ injection rate at Corette
(11b MMacf~" =16 mgm~3).

below 19.8 MJkg™! (8500 Btulb~!). The average mercury content of the coal
was approximately 0.080 ugg™! on a dry basis. Analysis of the fly ash samples
collected during the test confirmed that the proper amount of mercury was being
removed from the flue gas and collected in the fly ash. The foam index testing of
the resulting fly ash indicated that the fly ash maintained its ability to be used
in cement. All of the fly ash generated during the C-PAC™ injection period was
transferred into PPL’s storage silos and sold for concrete use.

20.4.4
Cement Kiln Mercury Emission Control Using C-PAC™

Portland cement kilns are another major mercury emission source, and the U.S.
EPA promulgated in 2010 the final MACT standard for cement plants. One option
for the cement plants to meet MACT Hg emission control requirement is to add
a polishing baghouse to the kiln at a cost of millions of dollars. An alternative
and cost-effective option is the injection of C-PAC™ at the existing baghouse, as
illustrated in Figure 20.12.

In this technique, C-PAC™, which is both thermally stable and concrete-
compatible, is injected as needed upstream of the primary existing particulate
control device to reduce and maintain the mercury emission concentration to
an acceptable level. Depending on the site, continuous C-PAC™ injection may
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Figure 20.12 lllustration of C-PAC™ injection scheme at a cement plant.

be needed or C-PAC™ injection may only be required when the raw mill is off
and Hg is at the highest level. (See Chapter 9 for a detailed discussion of mercury
behavior in cement kilns.) Subsequently a percentage of the CKD containing
mercury-laden sorbent is shuttled to the finished mill for use in the final cement
product. In this way, no waste disposal or loss of the CKD occurs. Very good
performance with C-PAC™ has been observed in several demonstrations, as
well as commercial applications. The advantages of this in-process Hg control
technique for the cement kilns include:

1) Requires only a sorbent injection system (low capital cost).
2) Sorbent is the main additional operating cost.
3) The timeframe for equipment design, procurement, and installation is short.

The sorbent requirements for this technique are that it must be temperature
insensitive, concrete-compatible and have a high capability for Hg capture.
20.5

Concrete Compatibility Test - Field Fly Ash/C-PAC™ Mixture

In collaboration with two major fly ash marketers in the United States (Headwater
Resources and Lafarge), Albemarle Corporation has examined in more detail the
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concrete compatibility of the fly ash generated at Midwest Generation’s Crawford
Station. The results of these studies are summarized below.

20.5.1
Air Content of Fresh Concrete

The performance of C-PAC™/fly ash was compared with a non-sorbent control
(fly ash only) and an alternative commercial PAC/fly ash. To make concrete
with 6vol% voids, about twice the amount of AEA additives was needed for
C-PAC™/fly ash, while approximately 10 times the amount of AEA was needed
for the alternative PAC/fly ash. Even though somewhat more AEA was required
in the C-PAC™ concrete than in the non-sorbent control to achieve the same
air content, the dosage still satisfied the contractor specifications. Furthermore,
it was found that the properties of fly ash with C-PAC™ were very consistent,
even more consistent than the baseline fly ash. The added cost of more AEA is
negligible relative to the benefits of utilizing the fly ash in concrete production
and eliminating the cost and environmental impact of the landfill.

20.5.2
Unconfined Compressive Strength (UCS)

Compressive strength is the capacity of the concrete to withstand axially directed
compressive forces. Concretes produced with fly ash containing C-PAC™ met the
target compressive strength of 4000 psi at 14 days (see Figure 20.13). In fact, it
appears that the C-PAC™ also improves early strength relative to the control sam-
ples (no fly ash or base line fly ash) as shown in Figure 20.13.
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Figure 20.13 UCS of various concretes.
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Table 20.2 Mercury leaching of the blank and ACI fly ashes.

Fly ash Hg content (hngg™") Hg content in leachate (ng1~")
DI water Aceticacid Sodium
carbonate

Blank extraction 11 13 25
solution

Baseline fly ash without 39 15 9 34
mercury sorbent

Fly ash with C-PAC™ 2004 22 5 14

20.5.3
Stability of Mercury in Fly Ash and Concrete

To assess the effect of C-PAC on the stability of the mercury in fly ash and con-
crete, the EPA’s Toxic Characteristic Leaching Procedure (TCLP) and Synthetic
Groundwater Leaching Procedure (SGLP) was applied to a number of samples.
The fly ash collected during the Crawford mercury emission control trial was
tested and the results are summarized in Table 20.2.

The fly ash samples containing the mercury sorbent generally exhibited a
lower rate of mercury release even though it contained as much as two orders
of magnitude more mercury. In all cases except for distilled water, the mercury
leachate concentration from the long-term fly ash samples was below that of
the bland extraction solution. Senior et al. [6] also studied leachability of the
captured mercury by activated carbon in fly ash and found minimal leaching
under various leaching protocols. Liu et al. [16] also provides further evidence
that the sequestered mercury in concrete is not leachable.

Other properties of concrete with C-PAC™-laden fly ash including air stability,
air voids distribution, and setting time were also investigated and it was confirmed
that C-PAC™ mercury sorbents at appropriate dosage levels do not deleteriously
affect any of the important properties of concrete.

Production of concrete-compatible, carbon-based mercury sorbents according
to the procedures outlined in this chapter should result in continuous beneficial
use of fly ash in concrete.
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Novel Capture Technologies: Non-carbon Sorbents and
Photochemical Oxidations

Karen J. Uffalussy and Evan J. Granite

21.1
Introduction

This chapter focuses on removal of mercury by novel techniques. First, we begin
with a brief overview of the pitfalls of current mercury removal strategies and
materials that motivate the research, design, and demonstration of non-carbon
sorbents. Next we review current non-carbon sorbent materials and photo-
chemical technologies being developed for mercury and other trace contaminant
removal from flue gas.

One of the current industrially validated technologies is the removal of oxidized
mercury in scrubbers, and this is utilized in approximately 25% of US coal-fired
power plants [1]. Elemental mercury is highly insoluble in water, and scrubbing
systems are not always effective in removing this form of mercury [2]. Further-
more, the option of scrubber removal of mercury is not available or implemented
at all coal-fired boilers, as is the case of western low-sulfur coal-derived flue gas,
which does not necessitate further SOx removal for compliance [3].

Another industrially validated and well-documented method is powdered acti-
vated carbon (PAC) injection, which is introduced into the ductwork upstream
of either a cold-side electrostatic precipitator (ESP) or a fabric filter baghouse,
in order to remove elemental and oxidized mercury by sorption at temperatures
below approximately 400 °F (200 °C) [1, 4]. This retrofit technology is potentially
applicable to 75% of coal-fired power plants that are not equipped with scrubbers
in the United States [1]. The PAC has a short residence time within the ductwork,
and the material must be well dispersed within the flue gas, typically at modest
temperatures below 400 °F (200 °C), to achieve high mercury removal. Particle
size and proper gas distribution and dispersion play important roles in achiev-
ing effective in-flight mercury capture for carbon-based sorbents [4, 5], and PAC
injection must take place downstream of hot-side ESP because of the possibility
that the carbon may ignite [6]. Carbon sorbents also can ignite in filter baghouses
or hopper downstream, adding to a long list of challenges in designing and imple-
menting effective carbon sorbent systems. Furthermore, an increase in flue gas
SO, concentration results in decreased carbon sorbent effectiveness in removal of
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mercury, and variations in coal type can be detrimental in achieving steady high
mercury capture for multiple reasons [7]. The presence of activated carbon in fly
ash is detrimental to the utilization of fly ash as a cement additive, and even the use
of COHPAC and TOXECON systems (which supply the sorbent injection with its
own dust capture system and separates the used sorbent from fly ash) does not
sufficiently answer the problems with respect to SO, susceptibility or what to do
with used PAC sorbent. As carbon sorbents can decrease the efficacy of fly ash as
a cement additive, a replacement that is cement additive friendly is desired from
both environmental and economic perspectives.

Carbon sorbents are typically used over a lower temperature range for mer-
cury capture. The use of carbon sorbent at higher temperatures results in the
volatilization of this captured mercury, with halogenated PAC materials extending
this range to some extent. Finding a sorbent candidate that is effective at remov-
ing elemental mercury at high temperatures is beneficial as elemental mercury is
most prevalent at higher process temperatures, and elemental mercury is the most
difficult species to control because of its high volatility relative to other trace con-
taminants, low reactivity with conventionally used sorbents, and its low solubility
in water [8—11]. Many inorganic compounds can react with mercury to facilitate
its removal, including metal oxides, metal sulfides, and metal halides. Some of
these materials can be utilized as sorbents, and may have advantages over acti-
vated carbons. These novel materials are discussed in detail in earlier work from
the Department of Energy (DOE) [9, 11]. Sorbents that operate under varying con-
ditions and circumstances are desirable, and here we present several such unique
sorbents and their proposed processes.

Photochemical removal of mercury by application of ultraviolet (UV) light has
several intriguing advantages over sorbent-based processes. The UV methods
are potentially applicable in gases that poison carbon-based sorbents, and are
also suitable as potential polishing techniques, ensuring near 100% removal of
mercury.

21.2
Non-carbon Sorbents

21.2.1
Amended Silicates, Novinda

21.2.1.1 Background and Motivations

Amended Silicates are inexpensive, non-carbon substrates amended with mer-
cury binding sites. The silicate-based substrate is chemically similar to fly ash;
sites react with elemental and oxidized mercury species to bind the mercury to
the sorbent. ADA (spun off later as Novinda) wanted to create a sorbent that
would not affect fly ash quality for resale as a replacement for Portland cement
[12], reduce or remove landfill burying costs associated with PAC and brominated
PAC, and prevent the contamination of other high-value materials such as gypsum
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[13]. Another major concern was that the use of the mineral sorbent should not
interrupt or affect the overall process in any way. Their ideal sorbent would be
nonleachable, inflammable, acid-gas resistant, and less corrosive than PAC, while
also being overall economically and environmentally attractive. The company has
developed several generations of sorbent materials made up of varying substrates
and metal sulfides, which achieve these goals and are capable of capturing mer-
cury at higher temperatures and pressures [14, 15]. Here, we discuss the sorbent’s
mercury capture mechanism and several of the material’s sorbent demonstrations
at various scales.

21.2.1.2 How Does the Amended Silicates Sorbent Work?

The Amended Silicates material is essentially made of an inexpensive
phyllosilicate-type mineral substrate (montmorillonite, vermiculite, allophane)
that has been “amended” by a metal sulfide functional group that acts as the active
site for mercury capture [13, 16]. The flat sheetlike silicate structure is exposed
to a solution of one or more polyvalent metal salts (M = Sn(II), Sn(IV), Fe(I),
Fe(IIl), Ti, Mn, Zn, Mo, etc.), and an ion exchange reaction results in the initial
form of the material. This material is then washed with water and subsequently
exposed to either a gas or liquid sulfide (Thio-Red®, Na,S, CaS,, CS;>7), and
the insoluble metal sulfides precipitate to the surface of the silicate substrate
lattice. The resulting material is spray dried, yielding the Amended Silicates
material which is characterized by molecularly thin films of layered metal sulfide
amendments (transition metal chalcogenides and/or polyvalent metal sulfides)
[16]. This layered structure renders the sorbents unaffected by acidic flue gases,
likely due to the polar acid gas molecules being unable to break through the
interlayer sites (decorated with high-density sulfur atoms) where heavy metals are
attracted. The exposure of these metals to the acid gas would otherwise degrade
sorbent performance, as is the case for PAC- and zeolite-based sorbents. As the
sorbent’s active sites are concentrated at the surface, the most expensive part
of the material (the metal sulfide) is more fully utilized compared to materials
that undergo both internal and external capture mechanisms [16]. Therefore, the
capture material is less likely to be limited by residence time requirements or
internal diffusion limitations found with other materials.

Initial laboratory-scale packed bed tests reported in 2003 showed Amended
Silicates to have a mercury capacity several times that of activated carbon [17],
and further pilot testing demonstrated that significantly less Amended Silicates
sorbent material is needed to keep mercury stack emissions below MATS lim-
its (compared to PAC)[13]. This additional capacity is attributed to the material’s
chemisorption capture mechanism, and at elevated temperatures and pressures
could be relatively high. Laboratory-scale investigations were performed at condi-
tions as high as 770 °F and 200 psig [17]. At higher pressure, the mercury capacity
actually increased by a factor of 5 compared to the sorbent capacity at atmospheric
pressure (with sorbent mercury capacity in excess of 3% by weight). A large per-
centage of mercury remained on the sorbent even after the pressure was reduced
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down to 20 psig, and it could only be removed by chemical digestion. Thus, it was
determined that the Amended Silicates material is not suited for a regenerable
sorbent material, but instead is better suited as a disposable sorbent bed mate-
rial. This disposable material would be a great Portland cement additive candidate
owing to the mercury-sorbent bond stability and could also be disposed of safely
as a nonhazardous waste. On the basis of the high capacity at high pressures, it
was suggested that 3.5 tons of sorbent in a fixed bed could be used to capture all
of the mercury from 1 million tons of coal [17]. Several additional Amended Sil-
icates formulations identified over the past 10 years are top-performing sorbents
in varying coal flue gas compositions [14, 16 —18]. One of the more recent formu-
lations, AS-022, was found to be resistant to SO5 poisoning, and retained 95% or
greater mercury removal rates even over long periods of time (>20 min) and as
much as 20 ppm of SO, at laboratory-scale testing [13].

21.2.1.3 Demonstrations

One of the earlier pilot tests performed by ADA was at the 275 MW Xcel Energy
Comanche Station Unit 2 in Pueblo, Colorado, between November 2002 and
March 2003. ADA designed and built the pilot plant for mercury sorbent testing
of various particulate control configurations using a slipstream from the Powder
River Basin (PRB) coal burning power plant. The low chloride content of PRB
coal results in a larger percentage of elemental vapor-phase mercury, which is
typically the more challenging species to remove from flue gas. The pilot plant was
configured with a reverse gas baghouse particulate control module, and several
injection and sampling ports. The injection rate varied (1.6—9 MMacf), along
with the residence time, and injection temperature (200—325F, with a target
range between 280 and 300 °F). Mercury concentrations in the slipstream flue
gas ranged from 4 to 8 pg Nm~3, with the fraction of particulate-bound mercury
well under 20%. Impinger samples were taken and analyzed, and ADA found that
their Amended Silicates resulted in 70—96% mercury capture using injection
rates of 1.6—91b MMacf™!, with 40% or more removed in the first 1s of residence
time. Increasing the injection rates resulted in increased mercury removal [17].
These slipstream tests agreed with another early pilot test where Amended
Silicates exhibited rapid removal of vapor-phase mercury, suggesting that the
material would perform considerably better than PAC in a plant equipped with
an ESP [17]. More recent testing suggests that the Amended Silicates material
lowers the bulk resistivity of PRB fly ash and thus can improve the performance
of CS-ESPs [14].

Another major demonstration using Amended Silicates was performed at Duke
Energy’s North Bend, Ohio Miami Fort Unit 6 facility over a 6 week period in early
2006 (funded by DOE and EPA (Environmental Protection Agency)). This facility
operates a 175 MW boiler with a cold-side ESP, and burns bituminous coal orig-
inating from KY, WV, OH, PA, and IL [12, 19]. Over 75 tons of the Amended
Silicates material was made by BASF for this specific demonstration. A baseline
was established at the beginning of the trial, where 0—10% of mercury was cap-
tured by native fly ash and 1/3 to 2/3 of the total mercury was found to be in
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the elemental form [20]. After the baseline period, the Amended Silicates mate-
rial was injected at various ratios in order to find optimum operating parameters,
which was then followed by a 30 day trial at a target Amended Silicates injection
ratio of 5—61b MMacf~!. Afterwards, PAC (NORIT’s DARCO HG) was injected
for 5days at several different ratios for comparison purposes. The results from
the tests showed that Amended Silicates injection resulted in 40% mercury con-
trol, but that this was also achieved with the PAC sorbent, both at injection rates
between 5 and 6 b MMacf~!. Increasing injection rates did not result in increased
mercury capture for either material, which contradicts the findings from PRB
coal slipstream studies. The ESP operating parameters and overall process were
not affected by Amended Silicates sorbent injection [12]. Furthermore, tests per-
formed by Boral and Separation Technologies found that Amended Silicates fly
ash did not affect the sale of the material as a concrete additive, but that PAC fly
ash was rendered unsuitable as a concrete additive material [12].

Changes to the Amended Silicates material were made, and new versions of the
material were developed after the Miami Fort tests. The next major demonstra-
tion took place between February 2011 and November 2011 at the Gillette Energy
Complex of Black Hill's Wygen Units 1, 2, and 3. These units burned PRB coal,
utilized pulse jet baghouses for particulate and sorbent collection, selective cat-
alytic reduction catalysts (SCR) for NOx reduction, and a spray dryer absorber
(SDA) for removal of SO, [14]. The sorbent trials were again run using varying
Amended Silicates injection rates over short periods, constant Amended Silicates
injection rates over longer periods, and PAC/Br-PAC injection for comparison
purposes. Test results indicated that steady-state mercury removal was obtained
after approximately 24 h of Amended Silicates injection, and that the mercury
level was reduced by 70% in the first 90 min to 2 h after injection began. For higher
injection rates of 3.3 1b MMacf™!, the overall mercury removal was 90—95%, and
for lower injection rates of 1.7 Ib MMacf ™!, the overall mercury removal was over
85% [14]. After Amended Silicates injection was stopped, the filter bag cake dust
continued to capture mercury, evidenced by the slow recovery of initial stack mer-
cury levels up to 24 h, showing the additional mercury sorbent capture capacity.
Not only was the Amended Silicates material capable of being used in the existing
dry sorbent injection units (for PAC), but its use did not affect the plant’s operation
or equipment, nor did it affect fly ash viability for disposal or sale. A neighboring
unit (Neil Simpson 2) employing a circulating dry scrubber (CDS) and a CS-ESP
was used for testing a different particulate/SO, control system with Amended
Silicates. The low mercury stack levels meant lower Amended Silicates injection
rates were needed, and mercury stack levels well below the EPA/MATS (Mercury
and Air Toxics Standard) were achieved. Furthermore, the injection of CaCl, to
promote oxidation of volatile mercury compounds was studied, and it was found
that for the baghouse/SDA configuration, a synergistic reduction in mercury was
observed when using Amended Silicates. For the case of CS-ESP/CDS, there was
no noticeable difference in stack emissions. While the Br-PAC and PAC injec-
tions did benefit from CaCl,, neither cases outperformed the Amended Silicates
material [14].
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The most recent demonstration of ADA/Novinda’s most recent Amended Sil-
icates material (AS-022) was performed at the 315 MW Santee Cooper Winyah
Station Unit 4, burning eastern bituminous coal and equipped with SCR/CS-ESP
and a wet flue gas desulfurization unit (WFGD) [13, 18]. The host site uses their
WEGD to generate gypsum that is then sold to wallboard manufacturers, so it
was important that the use of Amended Silicates did not affect the salability of
the gypsum product. While wanting to demonstrate the efficacy of the AS-022
material, they also wanted to observe the effect of varying the injection locations
(temperature and air heater location) and simultaneous hydrated lime injection
has on mercury stack emissions.

During pretrial characterization, it was found that a large percentage of SOy is
removed via condensation at the air heater, so it was decided that AS-022 injection
would be best after this point to reduce SO interactions with the sorbent. Further-
more, the largest percentage of mercury removal already occurred at the WFGD,
approximately ~90% of which was determined to be almost all Hg**, which is
not surprising as eastern bituminous coal is high in chloride content and, along
with SCR catalysts, will promote mercury oxidation. While the WEGD is capable
of removing oxidized mercury, the challenge is in removing elemental mercury
before it reaches the WFGD using sorbent injection. After AS-022 injection began,
it took several days to establish mercury stack emission equilibrium, but this was
determined to be a function of the WFGD volume and plant load. However, after
that 3- to 4-day period, the majority of mercury was captured at the ESP with the
Amended Silicates material, and the amount of dissolved mercury in the WFGD
decreased substantially. The hydrated lime injection increased the amount of mer-
cury removed at the ESP, but when the hydrated lime was shut off, the WFGD
removed the balance to keep stack emissions under the EPA/MATS limits; any
effect that SO; would have on the Amended Silicates material mercury capture
was essentially controlled by the passive removal of mercury at the WFGD. In
addition, the injection of AS-022 before the preheater was found to be optimal
owing to increased flue gas and/or AS-022 contact time and more uniform dis-
tribution. As the hydrated lime injection was located below the SCR outlet and
before the air heater, this was reducing the occurrence of SO5, which might have
otherwise affected the AS-022 performance. Overall, the mercury stack emissions
were measured at 0.51b TBtu™! (below EPA/MATS 1.21b TBtu™! limit), with the
majority of mercury capture occurring at the ESP, which decreased the amount
of mercury dissolved in WFGD fluid. Not only did the injection of Amended Sil-
icates not affect the gypsum quality but a decrease in AS-022 flow rate kept the
stack emissions below the EPA/MATS limit [13, 18].

21.2.14 Conclusions

The Amended Silicates material is reported to be a cost-competitive alternative
to other sorbent materials, such as PAC and Br-PAC. This is a function of the
inexpensive, large-scale manufacture of the material and the salability of the fly
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ash as a Portland cement additive [13]. In addition, there is little impact to ongo-
ing operation, as the injection of the material uses readily available and demon-
strated injection equipment and Amended Silicates have continually been proved
to not affect/damage any equipment nor affect any downstream processes [14,
17, 18]. The material’s reliable mercury control performance was not affected by
low-chlorine coals, moisture, or acid gas constituents. From an environmental
perspective, disposal of used Amended Silicates material is much more attractive,
as the mercury is tightly bound to the sorbent because of the chemical reaction
converting bound mercury to a very stable and insoluble mercuric sulfide that
occurs naturally in the Earth’s crust, and TLCP fly ash leaching tests consistently
report below detection for mercury [13].

21.2.2
MinPlus CDEM Group BV

21.2.2.1 Background and Motivations

MinPlus has been researching cost-effective and widely usable sorbent materi-
als since 1995 for the capture of trace contaminants, as indicated by their wide
range of patents for such materials [21—24]. The basis behind the MinPlus sor-
bent coupled with Mobotec’s integrated process is the use of a highly reactive
mineral sorbent combined with a highly effective delivery and dispersion system
to achieve high-temperature removal of mercury from flue gas. Both MinPlus and
Mobotec are interested in high-temperature removal of mercury directly from flue
gas in the open radiant furnace itself. The MinPlus sorbent altogether eliminates
the need for additional process equipment for mercury removal as it is directly
injected into the boiler furnace.

MinPlus can be used upstream of hot-side ESPs because of its high-temperature
operating range of 1650—2010 °F (900—1100 °C), removing mercury earlier in the
process footprint, and the MinPlus sorbent will not ignite in hoppers or ESPs.
MinPlus claims that their sorbent can easily handle variations in mercury concen-
tration. The MinPlus material adds strength to cement as a fly ash additive, and is
thus a unique candidate to use in place of carbon-based sorbents where increasing
fly ash utilization is vital for cement manufacture. The conservation of the fly ash
quality is due to the strong chemical binding of mercury to the MinPlus material
and the unique mineral properties of the sorbent. More importantly, though, with
respect to mercury capture, is that it takes an extended period of heating time at
temperatures above 1700 °F (927 °C) for mercury to begin to be re-released, again
supporting the material’s stable nature and the chemisorption model [25].

21.2.2.2 How Does the MinPlus Sorbent Work?

The white fly ash like sorbent material is thermally produced from mixing
Ca(OH),, CaCO;, and Al,0;-2Si0,-2H,0, (kaolinite/calcite/lime) and is man-
ufactured on the level of metric tons as a by-product from paper recycling
residues [6, 26]. The material has a mean particle size of 10 pm based on Malvern
particle size distribution analysis [26]. MinPlus is reactive over a wide range
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of temperatures, undergoes rapid calcination and chemical transformations
when injected into hot flue gas, and these transformations are what control its
high-temperature mercury sorption behavior [6]. However, in order for mercury
capture to occur in flue gas for this material, the gas mixture needs to contain at
least 4000 ppm of oxygen, but the sorbent was reported to still effectively capture
mercury in the presence of water [27].

Experimental work using a quartz tube reactor (47 mm LD X 190 cm) through
which varying feed rates of sorbent (1-6.9 gh™!) and preheated flue gas mixture
(22-4.7 Lmin!') were mixed with a steady supply of elemental mercury
(~25 ugm~3) have shown that MinPlus mercury removal efficiency is sensitive
to both sorbent feed rates and to furnace temperature, where increasing either
sorbent feed rates or temperature increases mercury capture. This correlation
suggests that the mechanism of mercury capture is chemisorption rather than
physisorption based. Mercury is predominantly in its elemental form at higher
temperatures, and it is this elemental mercury which MinPlus excels at capturing.
In fact, between 83% and 90% removal efficiency was observed at temperatures
between 1650 and 2010 °F (900—1100 °C) for laboratory-scale tests, yet negligible
sorption below 1100 °F (600 °C) [6, 26].

Two types of capture mechanisms were observed, one of which is an “in-flight”
capture mechanism with an average residence time of 8 s and optimal mercury
capture temperature at approximately 1650 °F (900 °C). The in-flight mechanism
involves sorbent initial activation by internal reactions, mercury sorption, and
subsequent deactivation if temperatures are too high for too long a period because
of a “catastrophic melt” that results in pore closure. Interestingly, analysis of the
in-flight deactivated sorbent particles showed that spent solids contained calcium
alumino-silicate (Gehlenite) and calcium silicate products, which are specifically
formed during activation/calcination at higher temperatures and is likely part of
the in-flight mercury capture mechanism and subsequent deactivation [6, 26].
The second type of capture mechanism is characterized by sorbent that formed
“scales” on reactor walls and did not appear to undergo deactivation through some
sort of wall-stabilization effect. In fact, over a period of time at 2010 °F (1100 °C),
the wall-bound sorbent managed to continue capturing mercury without reaching
a maximum even after sorbent flow was ceased.

Wendt et al. noted that there is an interesting effect that the sorbent interac-
tion with the quartz wall reactor has on mercury capture and uptake, and that it is
quite possible that the quartz wall reactor affected capture based on data incon-
sistencies [27]. Further tests showed that when compared to Inconel reactors, the
quartz reactor improved mercury capture, and that adding some form of SiO, to
the sorbent mixture also stimulates mercury capture [25]. This is postulated to be
through the formation of some type of active species that is triggered through the
presence of silica but limited by the type of silica content as well as contact time.
Additional tests with different types of fly ash with differing types of silica content
greatly affected the mercury uptake. This was most evident in full-scale tests that
were performed with PRB fly ash, where low to no reactivity with the MinPlus
sorbent was detected whatsoever [25].
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21.2.2.3 Demonstrations of Sorbent

Successful fixed-bed tests at the University of Arizona and dispersed-phase
testing in a 1.75MW coal-fired pilot plant at the Southern Research Institute
in Birmingham, Alabama, led MinPlus to full-scale tests to test the capabilities
of their sorbent material. A collaboration with Mobotec’s injection and mixing
systems were part of this demonstration. These tests were performed at the
Richmond Power and Light Whitewater Valley 65 MW Power Plant Unit 2 in
Richmond, Indiana, and at a 154 MW power plant in North Carolina. Both
plants were equipped with a rotating opposed fired air system (ROFA, supplied
by Mobotec), which can generate a highly turbulent mixture of flue gas via
asymmetric air nozzle flow. The Mobotec Rotamix system, designed for selective
noncatalytic NOx reduction (SNCR), coupled with ROFA results in effective
direct in-furnace injection mixing and distribution of the MinPlus material that
leads to greater utilization of the total furnace volume, optimal sorbent-flue gas
contact time, and desirable sorbent temperature profiles [25].

The Richmond Power and Light Whitewater Valley power plant utilized in this
demonstration burns bituminous high S Illinois coal, and is a tangentially fired
Combustion Engineering pulverized coal-fired 12-boiler with a full load capacity
of 65 MW at a steam pressure of 1450 psi and superheat temperature of 1005 °F
(541°C)[2, 7]. This system is equipped with an FSI system that was designed for
the delivery of limestone for SOx control, but the SNCR and SOx control systems
were not in service during the MinPlus demonstration. The mixing methodology
isimportant with respect to the contact time and temperature at which the sorbent
contacts the flue gas. Eight Rotomix/FSI injection ports, divided into two banks of
four ports, were available, and typically either two or four of these ports were used.
The MinPlus sorbent was injected pneumatically and fed through the injection
ports at over 450 fts~! directly into the furnace and flue gas (temperature at the
injection ports between 2000 and 2200 °F (1093 and 1204 °C)). The demonstra-
tion lasted about a week (second week of November 2005), and the results show
that the MinPlus sorbent yielded over 95% mercury capture, up to 98%, with mer-
cury stack emission measurements decreasing from 4 pg Nm= (background; no
mercury removal sorbent added) to 0.2 pg Nm=3 at 3% O, [2]. It is assumed that as
elemental mercury is the predominant species at elevated temperatures, the Min-
Plus sorbent captures mercury in its elemental form. Therefore, any negative effect
that plant load, equipment, and coal type have on a sorbent’s ability to capture
mercury is essentially eliminated with this sorbent material. In addition, mercury
was found to be predominantly bound to mineral sorbent, and the wall-bound
mercury sorbent capture mechanism appeared to be effective for a period of time
after the injection was stopped [2]. There is also an enhanced capture observed
over previous testing that occurred at the Southern Research Institute (1.75 MW)
coal-fired pilot plant, which resulted in mercury capture rates of approximately
65% [28]. The authors attributed the higher Whitewater Valley mercury capture to
a higher injection temperature and better injection/mixing system, where mixing
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and distribution of the sorbent in the flue gas is critical [2]. The MinPlus injec-
tion did not affect any other aspect of the plant, including fly ash quality and ESP
performance.

The next MinPlus sorbent demonstration was at the North Carolina 154 MW
Power Plant, a 154 MW, 1956 Combustion Engineering corner-fired design with
four levels of pulverized coal burners [7]. This plant also burns eastern bituminous
coal, and the demonstration lasted 2 weeks in March 2006. In this plant, the Min-
Plus sorbent was fed through precalibrated feeding screws from a transportable
silo and it was then pneumatically sent to the Rotamix air boxes, mixed into the
Rotamix air, and then entered the boiler contacting flue gas at over 450 ft s™1. Sim-
ilar to the Whitewater test, eight ports were available, and variations of these eight
were tested to find the optimal dispersion when using side ports while also using
no more than four ports. The temperature of the flue gas it contacted was esti-
mated to be between 1600 and 2670 °F (871 and 1466 °C) [7]. The results showed
a70-80% removal of mercury, where initial mercury measurements of 5 pg Nm=
was reduced to 1pg Nm™, measured after ESP. This demonstration also found
that use of the MinPlus sorbent did not affect any aspect of the plant, and leach-
ing tests showed that there was complete binding of the mercury on the sorbent
material [7].

MinPlus currently operates a full-scale demonstration plant located in Duiven,
the Netherlands. This plant is operated as a joint venture between MinPlus-CDEM
and a municipal and industrial waste incineration company with a focus on green
pollution abatement technology in the paper recycling field.

21.2.24 Conclusions

The MinPlus sorbent is an inexpensive recycled material, and the used nonregen-
erable sorbent material is meant to be combined directly with fly ash. Ash quality
measurements of the spent sorbent material mixtures found that the fly ash qual-
ity was not affected and could be used for resale as a Portland cement additive
[2,7]. The captured mercury and other trace contaminants do not revolatilize until
approximately 1600 °F (871 °C), thus making this another stable mercury capture
material that is a possible candidate for safe disposal [25]. The economic advantage
of injecting directly into the boiler is that the majority of mercury is bound to sor-
bent and removed from the process before possible contamination of aluminum
equipment downstream from the boiler. Furthermore, tax incentives might also
be available for utilizing a process that recycles/reuses paper industry waste [29].

21.2.3
Pahlman Process - Enviroscrub

21.2.3.1 Background and Motivations

The Pahlman process is a closed-loop dry scrubbing process utilizing
Pahlmanite™ sorbent, which is made up of low-density oxides of manganese
(MnO, Mn,0,, and MnO,) black powder that can adsorb a large percentage
of flue gas SOx and NOx (reported to be >97%) [30]. Upon regeneration, its
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sorbent yields raw sulfates and nitrates that are used to manufacture marketable
commercial byproducts such as sodium sulfate, ammonium nitrate, and potas-
sium sulfate. The process can remove multiple pollutants by a single-, dual-,
or multistage dry process, eliminates undesired waste streams, and ultimately
is intended for the replacement of FGD (flue gas desulfurization), SCR, and
activated carbon injection technology [31].

21.2.3.2 How Does the Process and Sorbent Work?

The dry sorbent is sprayed into contact with flue gas, mercury vapor is oxidized,
and this oxidized via a proprietary mechanism. This oxidized mercury vapor is
then adsorbed along with chlorides, SOx, and NOx. The sorbent has a high affin-
ity for sulfur compounds and this reaction happens relatively quicker compared
to mercury and NOx adsorption. The temperature at which sulfates and nitrates
of manganese decompose dictates the inlet process gas temperature range, and
patent literature suggests that a typical temperature range would be 60 - 250 °F
(16 - 121°C), and the temperature should not exceed 350 °F (177 °C) [32-34].
A baghouse collects the sorbent and provides further residence time to contact
the sorbent material with the flue gas [30]. Once the sorbent is removed from the
baghouse, it is mixed with water and next regenerated via a persulfate oxidant
and a base in a separate reactor. The insoluble manganese oxides are insoluble in
water and separate out of solution with pollutant salts. A proprietary filter is used
to separate trace contaminant metals such as mercury from the solution, which is
reported to be a proprietary reaction forming a Mn—Hg complex. It is known that
lattice oxygen from manganese oxides can react with elemental mercury to form
mercury manganates. The pollutant salts can then be processed with potassium
or ammonium to produce sulfate and nitrate salts of high value [30, 32-34].

21.2.3.3 Demonstrations
The first major demonstration of the Pahlman process was performed at the DTE
Energy River Rouge Power Station Unit 3 located in Michigan in June 2003. The
290 MW pulverized coal wall-fired boiler plant was burning a PRB/eastern bitu-
minous blend (40: 60 to 60:40), and a 500—1000 SCFM slipstream was diverted
to the mobile Enviroscrub pilot unit for processing [30]. The pilot unit used the
slipstream to achieve its operating temperature, and subsequently the sorbent was
loaded into the baghouse reaction chamber for testing. Inlet and outlet mercury
measurements were conducted using the Ontario Hydro method and mercury
semicontinuous emission monitors (SCEMs). Concentrations of O,, NOx, SOx,
CO,, and CO were also measured during the test. Continuous emission moni-
toring system (CEMS) data gave an average steady state removal of SO, to be
~99.8%, NOx removal of ~98.2%, and the Energy and Environmental Research
Center from the University of North Dakota reported a mercury removal of ~97%
(oxidized, 1.02-0.03 ug m~3) [31].

The second major demonstration of the Pahlman process was performed on a
slipstream at the 550 MW Unit 4 at Minnesota Power’s Boswell Energy Center in
Cohasset, Minnesota, between December 2003 and January 2004. A 500—1000
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SCEM slipstream of flue gas was diverted from the coal-fired Combustion Engi-
neering tangentially fired boiler utilizing PRB subbituminous coal to the same
mobile Enviroscrub pilot unit that underwent identical processing procedures.
CEMS data reported an average steady-state removal of SO, to be ~99%, NOx
removal of ~95.8%, and the Energy and Environmental Research Center from the
University of ND reported a mercury removal of ~94.3% (84.4% oxidized, 99.2%
elemental) [31].

21.2.34 Conclusions

Manganese oxide is inexpensive and abundant, and occurs in over 30 differ-
ent forms, so acquiring this material easily is quite feasible. On the basis of
Enviroscrub’s design criteria, the plant runs at approximately 34.1% efficiency,
requires about 3.3% of the power it generates in order to operate, and operating
expense and capital costs both decrease as a function of plant capacity [31].
The capital cost savings for the Enviroscrub Pahlman process system is between
20% and 50% compared to conventional WFGD/SCR scrubbing technologies
because of a decrease in operational equipment and space requirements. Further-
more, operating and maintenance costs decrease by 25—40% when considering
the production of marketable byproducts and the removal of waste streams
[30, 31]. However, progress still remains to be made on the front of optimization,
simulations, and construction of a full-scale pilot plant for further testing and
proof of concept at a larger scale than the current mobile unit set-up [35].

21.3
Photochemical Removal of Mercury from Flue Gas

The oxidation of mercury facilitates its capture. Although possessing numerous
compounds, mercury is a semi-noble metal, and is exceeding insoluble in water.
Ultraviolet light can supply the needed activation energy to induce the reaction
of mercury to more amenable compounds for removal. Compounds of mercury
tend to condense upon surfaces such as fly ash, and can be captured in a wet
scrubber. Photochemical reactions of mercury with various constituents of flue
gas can be an attractive alternative or polishing step for sorbent- or scrubber-
based processes for mercury capture. There are several potential routes for the
photochemical removal of mercury. One method employs short-wave ultraviolet
radiation to facilitate the oxidation and removal of mercury. A second technique
uses long-wave ultraviolet light in combination with a photocatalyst to oxidize and
capture mercury. These techniques are discussed here.

21.3.1
Sensitized Oxidation of Mercury: GP-254 Process

Elemental mercury will absorb or reemit (fluoresce) 253.7 nm ultraviolet light.
This ability to absorb or reemit 254 nm light is the basis for detection through
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atomic absorption, atomic emission, or atomic fluorescence detectors. In atomic
absorption spectroscopy (AAS) detectors, elemental mercury absorbs a photon of
254 nm light and goes to the 6 (3P;) excited state, denoted as Hg* or Hg 6 (°P,),
and shown here:

Hg + 253.7 nm radiation — Hg* or Hg 6 (°P,) (21.1)

In atomic emission spectroscopy (AES) detectors for mercury, the atom of excited
mercury emits a photon of 254 nm light, and goes back to the ground state.

Hg* — Hg+ 253.7 nm radiation (21.2)

In atomic fluorescence spectrometry (AFS) detection of mercury, steps (21.1)
and (21.2) occur within an infinitesimal fraction of a second, and the intensity of
the emitted light (fluorescence) is measured. These processes are the basis for con-
tinuous emissions monitors (CEMs) of mercury, and are discussed in Chapter 5.

Dickinson and Sherrill [36] discovered the photochemical formation of mer-
curic oxide in 1926 described by the reaction:

Hg+2 O, + 253.7 — nm light - HgO + O, (21.3)

In the reaction mechanism, elemental mercury serves as a sensitizer for the for-
mation of ozone, and ozone oxidizes mercury to form mercuric oxide. The term
sensitizer means that elemental mercury in the 6 (°P;) excited state induces chem-
ical reactions to occur. When the mercury collides with another atom or molecule,
it can transfer its energy from the excited state to this species, setting the stage for
chemical reactions. Activation energy for chemical reactions are typically supplied
by heat, but can also be supplied by light.

The eminent Canadian photochemist Harry Gunning discovered many
reactions for which elemental mercury can serve as a sensitizer over five decades
spanning the 1940s through 1980s. Some of these sensitized oxidation reactions
discovered by Gunning and others [37—43] involve reactants such as moisture,
nitrogen oxide, sulfur trioxide, hydrogen chloride, and carbon dioxide that are
abundant in coal-derived flue gas, and are present at concentrations that are
many orders of magnitude greater than the concentration of mercury (around
1 ppb). Some of these reactions include

Hg + H,0 + 253.7-nm light — HgO + H, (21.4)
Hg + HCl + 253.7-nm light — HgCl+1/2H, (21.5)
Hg + NO, + 253.7-nm light — HgO + NO (21.6)
Hg + SO + 253.7-nm light — HgO + SO, (21.7)
Hg + CO, + 253.7-nm light — HgO + CO (21.8)

Granite and Pennline [44—47] employed reactions (21.3) through (21.8) to facili-
tate the removal of mercury from flue gases in the laboratory through pilot-scales.

351



352

21 Novel Capture Technologies: Non-carbon Sorbents and Photochemical Oxidations

The technology, dubbed GP-254 Process, is available for license through the DOE.
The technology could serve as a small and inexpensive polishing step to guaran-
tee near 100% removal of mercury from flue gas. It is noted that even 1 or 2 ppm
of SO;, commonly present within coal-derived flue gases, can severely poison the
activated carbons used to capture mercury [48, 49]. Thus, the GP-254 UV Process
could serve as a polishing step in these cases by reaction (21.7). It has also been
recently suggested that NO, can hinder the performance of activated carbons for
the capture of mercury [50], and this UV Process could again remove mercury in
this case through reaction (21.6).

21.3.2
Photocatalytic Oxidation of Mercury

It is known that certain band-gap semiconductor oxides such as titanium oxide
can serve as oxidation catalysts in the presence of long-wave ultraviolet light.
Kaluzal5 [51] discovered that titanium oxide and other oxides could photo-
oxidize mercury to mercuric oxide in 1971. Biswas and coworkers [52—55]
studied the capture of mercury in flue gas using titanium oxide particles and
ultraviolet light. The ultraviolet light often emanated from the glowing discharge
fields of the ESPs, present within many coal-fired power plants. The US DOE [56]
studied the photo-catalytic oxidation of mercury to mercuric oxide using 365-nm
long-wave ultraviolet light and both titanium oxide powders, as well as titanium
oxide coated self-cleaning glasses. The reactions occurring on the titanium oxide
surface can be crudely represented through (21.9) and (21.10) as [56]:

Hg ,,s) + band-gap particle + light + Oy, — HgOyq, + radicals ¢, (21.9)

- HgO(ad) + radicals(surf)
(21.10)

Hg,.s) + band-gap particle + light + H,O g,

There are several band-gap semiconductor oxides such as titanium and zinc oxides
present in air that can oxidize mercury under the influence of sunlight, potentially
impacting the fate of mercury in the environment [56]. Additional research is mer-
ited on the use of photocatalysts for the oxidation and capture of mercury from
flue gases.

Disclaimer

Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any informa-
tion, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference therein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or other-
wise does not necessarily constitute or imply its endorsement, recommendation,
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or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those
of the United States Government or any agency thereof.
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22
Sorbents for Gasification Processes

Henry W. Pennline and Evan J. Granite

22.1
Introduction

Gasification is a process whereby coal can be decomposed into simpler
compounds by reacting it with steam and oxygen at elevated temperatures and
pressures. The major product compounds include hydrogen (H,) and carbon
monoxide (CO), which can both be used as a fuel or as building blocks for
chemicals (see Chapter 8 also). In chemical production, the H, + CO mixture,
called synthesis gas or syngas, can be sent to a catalyst assembly to fabricate
various chemicals. Gasoline, diesel fuel, substitute natural gas, and other organic
chemicals can be produced in such an operation. In power generation, the
H, + CO mixture, sometimes referred to as fuel gas, can be combusted and
expanded in a gas turbine before recovering the heat of combustion in what is
called an integrated gasification combined cycle (IGCC) operation. In either of
the above-mentioned cases, the product gas from the gasification process is in
a reducing atmosphere and the mercury that was in the coal is typically in the
elemental form. With respect to sorbents, mercury removal in the gasification
process can occur at either elevated temperatures (149-371 °C; 300—700 °F) or
at lower temperatures (ambient to 100 °C). The temperature range is dependent
on the final use of the gasification products. In IGCC, elevated temperature
removal is desired so that a higher thermal efficiency of the power generation
scheme can be maintained. This requirement may not apply to synfuels pro-
duction. In addition, global warming and the impact that carbon capture and
sequestration may have on mitigation of the greenhouse gas carbon dioxide
could have a role in determining the process conditions for the removal of
mercury. Sorbents for mercury removal can be characterized by the material
type, such as activated carbons, stable metal oxides, and noble metals. The
mercury removal capabilities with limitations for different families of materials
are discussed.
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Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
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22.2
Background

A major concern for power systems that use coal as an energy source is the
air emissions from the plant. Although certain air emissions are currently
regulated in the United States, the emergence of new regulations for other
pollutants is on the near horizon. On the basis of a 1998 Report to Congress,
the Environmental Protection Agency (EPA) in 2000 had announced its find-
ing that regulation of mercury emissions from utility steam generating units
was necessary and appropriate [1]. In addition, the Clear Skies Initiative
was proposed in 2002 to dramatically limit the emissions of mercury from
coal-utilizing facilities [2]. Emission standards were proposed in 2003 but pro-
mulgation did not occur until late 2011. The development of mercury emission
regulations will have a direct impact on coal-using power-generation facilities,
both conventional steam generating systems as well as IGCC systems.

Gasification is an important strategy for increasing the utilization of abundant
domestic coal reserves. Owing to the increase in thermal efficiency for IGCC sys-
tems and the potential ability to effectively capture and sequester carbon dioxide
emissions, the U.S. Department of Energy envisions increased use of gasification
in the United States over the next 20 years [3]. A near-zero emissions goal will be
strived for with respect to pollutants, including mercury.

For the gasification process and, in particular, for IGCC, the characterization
of the location of mercury within the plant is critical with respect to the even-
tual capture of the mercury. A total characterization of an advanced gasification
technology was conducted in 1995 with Dow Chemical’s Louisiana Gasification
Technology Inc. [4]. Gas, liquid, and solid streams around the plant were measured
for mercury. Although the mercury material closure was poor for the comprehen-
sive study and significant advances in mercury sampling techniques have been
made since the study, several important findings were established. The mercury
material closure around the plant was poor, possibly suggesting that some of the
measurements were in error or that an accumulation of mercury within the plant
occurred. Of the gas-phase mercury, over 70% left the plant in the turbine exhaust
flue gas.

Later, as part of EPA’s Information Collection Request, Tampa Electric’s Polk
Power Station and PSI Energy’s Wabash River Generating Station — both IGCC
units — were characterized with respect to mercury air emissions (a full character-
ization of all streams was not conducted) [4, 5]. In this exercise, the Ontario-Hydro
sampling technique was used to speciate the mercury in the flue gas after the tur-
bine combustor. The important conclusions from this data-gathering effort were
that near 60% of the mercury in the coal exited in the turbine combustion flue gas
and the vast majority of the mercury in this flue gas was in the elemental form.
From the information on these units and pertaining to the final disposition of the
mercury in the present IGCC systems, it is speculated that a majority of mercury
migrates through the system as elemental mercury and that the remainder of the
mercury is probably accumulated within one of the scrubbing systems needed to
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Figure 22.1 Simplistic flow schematic of an IGCC process.

clean the fuel gas before further processing it. In both these facilities, the fuel gas
was cooled and then hydrogen sulfide was removed by a liquid solvent scrubbing
technique before the gas was sent to the turbine combustor. Further evidence that
the mercury in the fuel gas is mostly elemental can be found in gasification ther-
modynamic modeling or experimental studies [6—9].

Figure 22.1 is a rudimentary flow diagram of an IGCC installation with two
options for gas cleanup. The lower path is similar to the one used at the Polk and
Wabash Stations where a low temperature (>38 °C; 100 °F) wet scrubbing tech-
nique, such as Selexol, is used to remove the hydrogen sulfide. The upper flow
path in Figure 22.1 indicates the option where acid gas cleaning occurs within a
warm gas cleanup (sometimes called humid gas cleanup) system rather than at the
previously described cold (lower) temperatures. There are various reasons for opt-
ing for the warm gas mercury cleanup as compared to the cold gas cleanup. The
main advantage in cleaning the gas in an IGCC application at higher temperature
is that the thermal plant efficiency can be as much as 2—3% greater as compared
to the lower temperature acid gas cleaning scenario. Provided the temperature is
sufficient so that the dew point of the fuel gas is not approached, the moisture
content in this warm/humid gas stream remains in the gas phase, as compared to
the cold gas cleanup case, and can be used in the turbine expansion. Additional
areas of efficiency improvements are that the transfer of heat and latent heat to
the more efficient gas turbine cycle are maximized; the capital and operating costs
are lowered by reducing the duty on any heat exchangers; and the need for waste
water treatment facilities is eliminated [10, 11]. Note that a third option for mer-
cury cleanup could be after the fuel is combusted in the gas turbine. However, the
gas is expanded and thus a significantly greater volume of gas would need to be
processed.

In addition to the improved IGCC plant thermal efficiency for warm gas
cleanup, another reason is that the capability exists for removing a vast majority
of the coal-inlet mercury at one location. As seen in the cold gas cleanup systems
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at the Polk and Wabash Stations, a substantial amount of the inlet mercury within
the feed coal was not accounted for. Although liquid streams were not monitored
for mercury in the analysis, it is speculated that the lost mercury is probably
within these streams. If mercury removal techniques could be implemented at
the elevated warm gas temperature within the process at elevated pressure, then
the potential issue of mercury appearing in condensate, wet scrubbing streams,
and so on, is eliminated. The partial pressure and thereby the driving force of the
gaseous mercury is also higher at the elevated pressure of the system. However,
similar issues with potential mercury appearance in wet scrubbing streams occur
if the mercury is collected after the combustion of the fuel gas in the turbine
combustor exhaust stream. In addition, if Hg removal is left to after the fuel gas
is combusted, a much higher volume of gas needs to be processed as compared
to the precombustion pressurized case. Cost and equipment size considerations
become important.

As in mercury mitigation from flue gas produced by the combustion of coal,
the use of a sorbent is a feasible technique to remove mercury within a gasifica-
tion process. The challenges are many. As mentioned, the temperature options
may limit the type of sorbent. Activated carbons generally perform via adsorp-
tion of mercury and this is enhanced at a lower temperature as compared to the
elevated warm gas temperature case. Conditions can be harsh depending on the
location of the removal, as the sorbent could be exposed to various compounds at
different concentrations, for example, hydrogen sulfide, moisture, hydrogen chlo-
ride, ammonia, and other trace components. Potential deactivation due to poison-
ing and sintering must be addressed. Although the challenges can be stringent,
research in the sorbent area has progressed and thus the sorbents and operating
information are addressed in the following sections.

223
Warm/Humid Gas Temperature Mercury Sorbent Capture Techniques

There is limited information available on the removal of mercury from high-
temperature syngas streams, although there have been some contributions to
the general knowledge since 2000. Results from a pilot-scale gasifier suggest that
all of the mercury in the coal ends up in the fuel gas [7, 12]. The data from this
pilot-scale gasifier suggest that activated carbon and other carbon sorbents will
be unsuited for mercury capture from syngas at temperatures greater than 204 °C
(400 °F) [7, 12]. Robust high-temperature sorbents, as well as other techniques,
are needed for mercury capture from syngas for continued development and
proliferation of gasification technology.

In the studies with the various warm gas sorbents, there are some common-
alities with respect to the testing. Most of the sorbents tested are in the form
of pellets or granular sized materials, although one group has used a monolith
design. Sorbents are typically tested in a fixed bed. Elemental mercury permeation
tubes are generally used to spike a known gas composition. In many cases, the
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sorbent is envisioned as being a multipollutant absorber and besides the removal
of mercury, other trace components within the synthesis/fuel gas are desired to be
captured, that is, arsine, hydrogen selinide, and so on. Although there are online
analyzers for mercury detection in flue gases produced by the combustion of coal,
some modification needs to occur so that they can be used in fuel gas applica-
tions. Certain analytical techniques have been developed for some of the other
trace compounds [13], but reliable continuous, standard, online analysis for mer-
cury in reducing conditions needs to be established. In certain cases, analysis of
solids for mercury after the sorbent testing has been used in the determination
of the amount of mercury captured on the sorbent. Most studies would be con-
sidered laboratory- or bench-scale and have not progressed out of the laboratory
setting. However, in certain investigations, the research was actually conducted
with real synthesis gas produced from gasification facilities, such as the Power
Systems Development Facility (PSDF) in Wilsonville, AL.

As to more mature development of a technology, TDA [14—16] has used their
geode sorbent development for multicomponent control. In this novel sorbent
design, pockets of active sorbent material are surrounded with a porous but hard,
strong shell that provides a wear resistant pellet. This design is similar to a geode
as it has a cavity with the desired crystals surrounded by a protective exterior. This
structure is very strong because there is a continuous support phase; it effectively
contains the sorbent inside small holes in the interior of the pellet, allows the sor-
bent to expand and contract freely without disrupting the pellet structure, and
allows gases to diffuse quickly in and out of the pellet. Copper-based sorbent for-
mulations have been used to remove trace contaminants from fuel gas streams,
that is, arsenic [16]. Substrate materials included alumina, titania, or silica. The
active material precursors and inert substrates were combined using the geode
technology, enabling the incorporation of large quantities of active material into
the final sorbent pellet, without plugging the pores of the substrate material and
reducing its porosity.

Initial testing in a packed bed of pellets was conducted with simulated gas
streams that were spiked with the trace contaminants. The mercury, arsenic,
and selenium concentrations at the outlet of the reactor bed were continuously
monitored with online analyzers. Breakthrough and saturation capacities of the
sorbents were determined for temperatures between 160 and 260 °C and near
450 psig. Mercury capacities were high at the elevated temperatures, and the
sorbent has a high capacity for arsenic even in the presence of high concentrations
of sulfur. Experiments with multiple trace metals showed that the sorbent could
simultaneously remove all these contaminants (mercury, arsenic, and selenium)
from syngas in one step [14].

Demonstration tests using actual fuel gas from a gasifier were conducted at two
locations: at the PSDF in Wilsonville, AL and at the University of North Dakota
Energy and Environmental Research Center (EERC) where lignite and bitumi-
nous coals were the feed materials (see Figure 22.2). Overall, the test results indi-
cated that the TDA sorbent was capable of removing multicontaminants in the
coal-derived synthesis gas at high temperature. Mercury was successfully removed
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Figure 22.2 Schematic of demonstration unit at UNDEERC [15].

from the synthesis gas streams generated by different gasifiers using different coals
at different sites and achieved greater than 95% Hg removal efficiency at 260 °C.
This sorbent can be operated in a regenerable manner to remove Hg from the
bed, while irreversibly removing all other trace metals including As, Se, and Cd
with high capacity. From leaching tests, the fate of the mercury on the sorbent
will remain on the sorbent once it is disposed [15].

The Gas Technology Institute (GTI) had developed the Ultra-Clean Process to
control various pollutants from syngas, including mercury. The process injects
fine sulfur and halide sorbent particles into two stages of barrier filter—reactors
integrated in series, coupling efficient particle capture with an effective entrained
and filter cake reaction environment. As can be seen in Figure 22.3, sulfur and
halides are removed to extremely low levels by injection of various sorbents in the
two stages, with the second stage temperature near 288 °C (550 °F). It is projected
that for IGCC applications, the mercury removal could be a separate step or incor-
porated into the second stage of the process, and the mercury could be removed in
the temperature range of 149-399 °C (300-750 °F), depending on the moisture
content in the fuel gas [17].

Testing for mercury capture occurred in a packed bed reactor system using var-
ious simulated fuel gas mixtures and with a PSA Sir Galahad II analyzer. Materials
that were tested were based on the oxides of copper, manganese, molybdenum,
and zinc as well as mixed oxides and activated carbons. Some sorbents were pur-
chased and others were made by GTI using a modified sol—gel technique or a wet
impregnation method. The results with activated carbons were similar to other
researchers in that elevated temperature hinders the adsorption of the mercury
onto the carbon. With respect to the oxides, copper- and molybdenum-based
sorbents, sulfidation of the sorbent is important in the mercury removal perfor-
mance, possibly by altering the physical/chemical properties of the sorbent with a
benefit for the higher loading of sulfur. In either case, the trend was that the effec-
tiveness of the capture decreased as the temperature increased. In more recent
work, nanocrystalline metal oxides/sulfides sorbents were evaluated in the tem-
perature range of 150—260 °C, and again a temperature increase appears to have
a negative impact on the mercury capacity of the sorbent [18].
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In a study conducted at the U.S. Department of Energy’s National Energy
Technology Laboratory (NETL), thermodynamic considerations followed by
actual experimentation were used to screen candidates for mercury removal [19].
Interest was not only in mercury removal but also in the removal of selenium and
arsenic. Samples were tested in a laboratory-scale reactor operating at ambient
pressure, and capacities for mercury were calculated by flowing a known amount
of mercury over the sorbent for a period of time (350 min) and having the spent
sorbent solid chemically analyzed for mercury. Platinum and palladium were two
candidates that had excellent capacities, even in the presence of simulated fuel gas
with other components (hydrogen, carbon monoxide, carbon dioxide, hydrogen
sulfide, and moisture). It was noted that the presence of these species impacts
the adsorption of mercury as compared to testing under a spiked nitrogen flow.
Mercury capacities remained appreciable in the 204—288 °C temperature range.
As a noble metal is used, regeneration of the sorbent may be necessary and
potential heat or chemical treatments are proposed to rejuvenate the spent
sorbent [20].

In a collaboration between NETL and Johnson Matthey, further mercury
capture studies with the palladium-alumina-supported sorbent were conducted
with different metal loadings ranging from 2 to 9 wt% and over the temperature
range of 204—388 °C [21]. The palladium-based sorbent performed better than
the platinum-based one, and X-ray diffraction studies indicated a formation of
solid solution of mercury within the palladium. Interestingly, a computational
study that used ab initio methods based on density functional theory predicted
material properties in which elemental mercury in the gaseous state would
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bind to a pure metal to form a binary amalgam [22]. The candidate materials
for the highest amalgam formations were the noble metals, of which palladium
was highlighted in the computational exercise. In later experimental studies,
interest broadened for other contaminant materials to be removed in the fuel
gas, including not only mercury but also arsenic, selenium, and phosphorus,
which, in the reducing atmosphere, are in the forms of arsine, hydrogen selinide,
and phosphine, respectively [23] see Figure 22.4). Tests were conducted using
the same reactor system as before, but a gas chromatograph/ion trap mass
spectrometer was used for detection of these other compounds [13]. Arsine,
phosphine, and hydrogen selenide could be removed from the simulated fuel gas
at warm gas cleanup temperatures with the palladium gamma-alumina sorbent.

For these laboratory-scale tests, exposure to the materials of removal interest is
usually much larger than what the sorbent would see in an actual situation. This
fact would make these sorbents even more amenable to removing trace pollutants
as their capacities would most likely increase. Successful testing of the palladium
sorbent at real conditions has occurred at the PSDF in Wilsonville, AL [24]. In the
slipstream tests, a fixed packed bed of near 10 pounds of sorbent held at 260 °C
removed nearly all of the selenium, arsenic, and mercury present within the fuel
gas over several weeks. Additional tests with this sorbent in the PSDF have verified
the removal capacities.

The University of North Dakota EERC has been investigating promoted
monoliths in collaboration with Corning. The monolith is a honeycomb-shaped
(parallel-channel) polymeric body with the major ingredient being phenolic
resin, fabricated through extrusion, carbonization, and activation processes
[25]. The polymer body is carbonized at an elevated temperature in an inert
atmosphere, which converts the phenolic resin to graphitic carbon mixed with
amorphous carbon domains. It is activated by the removal of the amorphous
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carbon by reacting it with carbon dioxide at elevated temperature. Surface areas
are typically around 500-m? g~1, and additives, such as sulfur, can be introduced
before the extrusion step. In the testing rig, simulated fuel gas mixtures spiked
with elemental mercury were flowed over the monolith at temperatures between
177 and 260 °C and at elevated pressure. A modified PSA Sir Galahad was used
to continuously monitor the mercury. Initial results with these monoliths and
incorporating an undisclosed additive were successful in controlling mercury
emissions, although with time online, some devolatilization of the mercury
occurs but possibly due to the devolatilization of the additive.

Recent testing has also confirmed the ability of the monolith coated with an
improved additive to remove mercury at a high level for an extended period of
time (see Figure 22.2) [26]. Although the baseline testing occurs at 180 °C, a test at
260 °C (500 °F) did show some decrease in the capacity of the sorbent for mercury
removal. One Corning-treated monolith showed effective capture of mercury for
over 150 h of testing at 180 °C and was found to be very effective even at pressures
up to 600 psig and temperatures up to 370 °C. Additional testing of monoliths and
sorbents with various additives revealed that these materials were able to remove
other trace components in the fuel gas, that is, arsine and hydrogen selenide, at
204°C (400 °F) [27].

RTI International is pursuing an approach to mercury removal that is analogous
to the one used in their hot gas desulfurization from syngas, which is utilizing a
chemically reactive sorbent. They realize that the thermodynamic efficiency of
the IGCC cycle is improved if the thermal energy of the fuel gas can be pre-
served, and thus their sorbent-based desulfurization can be accomplished reliably
at 260-316°C (500-600 °F). Therefore, this temperature range is also targeted
for their mercury removal [28].

The experimental approach taken was similar to that of King et al. [19]. Per-
formance of the sorbent materials was based on the amount of mercury uptake
as measured by offline analysis of the sorbent at the end of an exposure period.
Initially, results with sorbents were reported by spiking a stream of nitrogen with
elemental mercury. After a test protocol was established, candidate sorbents
were typically exposed to the carrier gas/mercury vapor stream for 30-min
at 572°F (300°C). Mixed metal oxide sorbents, both in sulfide and oxidized
forms, were investigated along with commercially available materials. Some of
the candidates performed quite well in removing the Hg from the gas stream,
although a mechanism for capture was not discussed as the sorbents typically
contained multiple components.

In a continuation of these studies [29], composite metal oxides were inves-
tigated along with proprietary sorbents and an impregnated activated carbon.
The sorbents were selected on the basis of various factors, including surface
area, predicted stability in the syngas matrix, expected material costs, and
identification of materials that irreversibly bind with elemental mercury at the
targeted temperature (typically near 300°C). The parameters of temperature
and gas matrix were of interest with respect to mercury capacity. In general,
screening results clearly favored lower temperatures as compared to the 300 °C
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baseline. At this temperature and exposed to Hg in nitrogen, the mixed metal
oxide sorbents performed adequately. However, in a syngas with or without
moisture and without hydrogen sulfide, these sorbents performed poorly. One
potential explanation given was that the major syngas components chemically
reduced the metal oxide components of the sorbents, thus decreasing the active
oxide species responsible for the mercury retention. In addition, the presence of
H,S typically had a deleterious impact on the mercury capacity of the sorbents
investigated.

The main thrust for the sorbents discussed was to remove mercury in the
warm/humid gas range in an IGCC application. However, certain sorbents can be
used in a more elevated temperature range beyond the warm/humid range. The
University of Utah has worked with CDEM to demonstrate the MinPlus sorbent,
which is an inorganic, mineral-based substance derived from a unique thermal
process in which sludge from paper recycling is converted into the desired
material [30]. The material serves as a special mineral additive to cement, and
the primary constituents are limestone, meta-kaolinite, lime, inerts, and various
trace components.

The sorbent was injected into a simulated gas flow in a dispersed-phase
entrained bed reactor system. Overall mercury removal efficiency increased
with increasing sorbent feed rate and with reaction temperature, suggesting
an overall chemisorption mechanism. For the reactor configuration, an overall
maximum Hg removal of about 83-90% was achievable at a temperature range
of 900—1100 °C. The mercury removal was attributed to an in-flight mechanism
as well as to one related to the deposition of the MinPlus sorbent on the reactor
walls. It was shown that at 1100 °C, the sorbent ability to capture Hg was greatly
diminished, possibly due to a change in composition and/or morphology of
the initial material. The impact of the other components in fuel gas, especially
hydrogen sulfide, was not discussed in the communication.

224
Cold Gas Cleanup of Mercury

From the previous discussion, mercury is most likely in the elemental form after
the coal has been gasified. If not removed at elevated temperature in one location,
the mercury can be impacted by various processes along the gas cleanup path as
related to the final use of the fuel gas or syngas. It should be remembered that
although there is a paucity of mercury information in actual commercial gasifica-
tion systems, past information on actual IGCC units that use gas cleanup at cold
temperatures indicate that not all the mercury is accounted for and leads to the
speculation that some of the mercury may end up in some of the gas cleanup pro-
cess streams. However, a substantial amount of mercury still remains in the fuel
gas and would need to be removed. At low temperatures (<100 °C), it has been
shown that activated carbon can remove the mercury. Other mercury sorbent
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materials have also been investigated at these low temperatures. In addition, a
wet scrubbing process has also been proposed.

2241
Carbon-Based Materials

Eastman Chemical Company was the first company to operate a commercial coal
gasification facility in the United States and has maintained greater that 98% avail-
ability for more than two decades [31]. Mercury removal has been commercially
demonstrated in this gasification facility. Eastman has developed and success-
fully applied activated carbon-based mercury control technology at their facility
located in Kingsport, TN. Eastman has been operating Chevron Texaco gasifiers
at this facility since 1983 to provide syngas for the production of acetyl chemi-
cals [4, 28]. Calgon’s HGR-P sulfur-impregnated, pellet-activated carbon beds are
utilized with the following performance characteristics:

» Operating conditions: Approximately 30 °C and 900 psi;

» Gas contact time in bed: Near 20 s based on total packed volume;
* Removal efficiency: 90—95%;

¢ Carbon lifetime: 12 —18 months.

At the lower temperature of operation, this activated carbon technique can be
considered proved and is the baseline technology for mercury removal. Various
designs for gasification plants, more specifically IGCC, propose to use sulfur-
promoted activated carbon beds for mercury control [32-34]. Once the efficiency
price has been paid by cooling syngas to near 38 °C (100 °F), the incremental cost
to remove other components is reduced because the gas cleaning occurs at essen-
tially ambient temperature. Again, the challenge for fuel gas cleanup is to develop
gas purification methods that do not require gas cooling that, in turn, lowers over-
all thermal plant efficiency.

Testing using activated carbons with actual fuel gas did occur at Tampa Electric’s
Polk Power Station [35]. A packed bed of sulfur impregnated activated carbon
(Calgon HGR-P) was fed with a slip stream of syngas containing hydrogen sulfide.
Mercury analyses of the gas and the solid followed. Although about half of the feed
to the plant was petroleum coke rather than coal, over 90% of the mercury in the
feed to the carbon bed was removed.

Various experimental studies with carbon-based materials have also been con-
ducted and have resulted in similar findings. Reed et al. [7] obtained samples of
fines that were collected in a hot gas filter following a gasifier. The composition
of the material was primarily carbon with some sulfur, and the material was col-
lected by a hot gas filer at 580 °C from a 2-MW't gasifier operated on a mixture
of coal and sewage sludge. Although further work was needed, the sorbent was
able to capture elemental mercury at temperatures below 200 °C, and significant
mercury removal was observed at a temperature of 110 °C.

Spanish researchers [36] investigated the importance of sulfur promotion of
an activated carbon. A Norit carbon (a peat-based, steam-activated carbon) was
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the baseline, and this was impregnated with sulfur compounds to form a second
sorbent candidate. Simulated syngas streams with a spike of elemental mercury
were passed over beds of the materials. For the gasification case, a better reten-
tion of the mercury occurred with the sulfur-containing sorbent as compared to
the baseline carbon sorbent, because it was speculated that chemisorptions and/or
reaction between sulfur compounds and mercury may occur as compared to just
physical adsorption. Surface chemistry was thought to be more important than
porous texture in controlling mercury retention in activated carbons.

The impact of gaseous components within syngas was studied [37]. In this
experimental study, an activated carbon made from coconut shell was investi-
gated. A simulated syngas flowed over a packed bed of the material at atmospheric
pressure and in the temperature range of 80—300 °C. The amount of HCl and H,S
in the gas stream could be varied along with the elemental mercury. It was found
that the presence of HCI accelerated the mercury removal rate by the activated
carbon. However, the presence of H,S suppressed the mercury removal in the
presence of HCI. The stabilities of the mercury species captured on the activated
carbon depended on the presence of the acid gases HCl and H,S. The effect of
temperature was similar to the findings of others where, typically, an increase in
temperature has a negative impact on the Hg adsorption capacity of the sorbent.
In one of those studies, British researchers [38] investigated a commercial Norit
Darco “Hg” activated carbon. Mercury spiked in nitrogen flowed over the packed
bed of sorbent in the temperature range of 100—200 °C. As found previously, the
capture efficiency is seen to decrease as the temperature is increased. It should
be noted that this activated carbon had a high capacity for arsenic removal in the
temperature range of 200—400 °C.

2242
Other Materials

Various transition metal sulfides have been proposed as mercury sorbents for
fuel gas. In one case, Japanese researchers [39] investigated iron-based sorbents
where they envisioned the mercury removal unit to be located just before the
wet desulfurization unit in the gas cleanup system. Experimentation was con-
ducted in a thermogravimetric analyzer and packed bed where a simulated fuel gas
was spiked with elemental mercury. Unsupported and supported iron oxides that
were calcined to different temperatures were tested within the temperature range
of 60-100°C under atmospheric pressure. The effects of temperature and gas
composition on the sulfidation of the iron oxides, mercury removal activity, and
carbonyl sulfide (COS) formation were investigated. Results indicate that the fab-
rication of the sorbent, that is, calcination and support, plays an important role in
its behavior. Sulfidation of the iron oxide decreased and COS formation decreased
with increasing calcination temperature. With decreasing operating temperature,
the mercury removal performance increased. For comparison, reagent grade FeS
and FeS, were active for elemental mercury removal in the simulated fuel gas with-
out forming any COS.
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Copper-based mercury sorbents have also been proposed in a fuel gas
application at 160 °C [40]. In addition, an effort to clean mercury using copper
sulfide from a natural gas stream could have implications for synthesis/fuel gas
cleanup. In this study [41], the concern was related to mercury in natural gas
and its potential to cause corrosion of downstream aluminum heat exchangers
as a result of amalgamation. The sorbent is a mixture of copper sulfide and other
materials and was assumed to operate at ambient temperature. On the basis of
experience with the material, various precautions were needed to get the sorbent
bed up to standard operation, such as removal of oxygen from the inert purge
gas during loading of the sorbent. Results indicate that the mercury reduction
exceeded the expectations for this copper sulfide sorbent. These results are
similar to a previous study [42] with CuS and its ability to remove elemental
mercury below 90 °C, although that research effort was not conducted using an
atmosphere of reducing gas that would be found in a fuel gas system.

A series of unpromoted and iodine-, bromide-, and/or sulfuric acid-modified
chitosan/chitin sorbents were tested in a laboratory-scale fixed-bed reactor sys-
tem [43]. Elemental mercury was spiked in nitrogen that contained moisture, and
temperature of operation was varied from 40 to 135°C. Although this mixture
was to simulate a combustion flue gas, it could also be extrapolated as a simu-
lated fuel gas. Promotion of the chitosan was deemed important with respect to
mercury removal, and the presence of moisture can increase the modified chi-
tosan sorbent capacity for mercury uptake. A better mercury uptake capacity and
higher mercury removal efficiency occurred at 135 °C as compared to 40 °C and
was thought to be associated with a chemisorption mechanism between mercury
and the promoters within the sorbent.

Finally, the use of fly ash in mercury removal was investigated by Spanish
researchers [44, 45]. In this particular case, fly ashes from different combustion
sites were tested in a packed bed reactor by flowing a simulated fuel gas that
contained elemental mercury at 120°C. The mercury retention capacities on
the fly ashes in the gasification atmosphere were similar to that found when just
nitrogen was spiked with mercury. The nature of the fly ash is determinant in
the control of mercury capture. In later studies [45], a temperature programmed
decomposition was used to identify the species of mercury that were present on
the spent sorbent. Mercury sulfides were determined to be present, and it would
be expected in a gasification atmosphere that contained H,S.

2243
Wet Scrubbing Technique

Typical wet scrubbing processes for the removal of contaminants from fuel gas
or syngas do not intentionally remove mercury, although there may be evidence
that they unintentionally capture the mercury [28, 35]. One wet scrubbing process
that was developed for multicontaminant removal in fuel gas was the Univer-
sity of California Sulfur Recovery Process at High Pressure or (UCSRP-HP) [46,
47]. Research at the University of California coupled with experimental work at
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GTI led to the development of an integrated multicontaminant removal process,
whereby syngas is sent to a reactor column at a temperature above the melting
point and below the polymerization temperature of elemental sulfur at elevated
pressure. Desulfurization occurs in the range of 285—300 °F and the process inte-
grates the removal of trace contaminants and heavy metals. The countercurrent-
flow reactor column is divided into two sections: a scrub section and the reactor
section. In the reactor section, a stream of glycol ether, such as diethylene glycol
methyl ether, is used to catalyze a reaction and form a liquid sulfur that can be
separated from solvent. In the preceding scrub section, an aqueous glycol ether
solvent, such as diethylene glycol, is used to remove hydrogen chloride and the
heavy metals mercury, arsenic, and cadmium that will be absorbed to form their
respective, very insoluble sulfides. Selenium will be absorbed to form highly sol-
uble ammonium selenide under the conditions of operation. It was proposed that
a small slipstream of the diethylene glycol stream be withdrawn for filtration and
other treatment to remove the accumulated impurities, especially the mercury-
containing one. Laboratory-scale tests indicated that 95% of the mercury could
be removed with diethylene glycol as the solvent. Bench scale testing with coal-
derived syngas has been proposed [47].

225
Summary

Gasification of coal for power generation and chemical production is projected
to increase in the future. Many factors could impact this future market, such as
the decreased consumption of domestic and foreign oil for chemical fabrication
and the potential regulation of the greenhouse gas carbon dioxide. In any event,
mercury emissions from gasification-based technologies in the United States will
need to be controlled as mandated by law. Similar to post-combustion control of
mercury, the use of sorbents is a necessity in the control of mercury. Along the gas
cleanup pathway for gasification processes, it is beneficial to remove the mercury
at one location and at elevated temperature. Various sorbent results have been
discussed where this is applicable. In addition, sorbent investigations have been
reported at lower temperatures. Because of the novelty of gasification-based pro-
cesses and the more recent interest in mercury control, one sorbent-based process
for mercury capture is not outstanding. Granted that activated carbon has been
shown to be a valid technique at lower temperatures, one clear-cut sorbent tech-
nology does not stand out at the beneficial higher temperature of operation. More
research and development in this fledgling area is needed.

Disclaimer

Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability
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or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference therein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or other-

wise does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those
of the United States Government or any agency thereof.
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Mercury-Carbon Surface Chemistry
Edwin S. Olson

23.1
Nature of the Bonding of Mercury to the Carbon Surface

Atlow temperatures, elemental mercury is adsorbed to high-surface-area carbons
by physisorption mechanisms. The term physical adsorption or physisorption
implies a weak bond involving van der Waals or induced dipole forces between
the mercury atom and the carbon surface. This means that the outer 6s electrons
in the mercury atom, which are shielded from the nucleus by a lot of inner
electrons, become polarized by dipole charges on the carbon surface so that they
set up their own dipole moment, resulting in a dipole attraction to the carbon
surface.

Although some early reports attributed mercury sorption at higher tempera-
tures in air and flue gas to the physisorption mechanism [1], it is now understood
that chemisorption is the primary mechanism in these conditions for mercury
capture on carbon; elemental mercury becomes oxidized on the carbon and binds
as a Hg(II) compound. Both spectroscopic and reactivity data provide compelling
evidence for a chemisorption mechanism for mercury capture on carbons in flue
gas at moderate temperatures. An early paper on mercury sorption on a nonim-
pregnated Saran carbon [2] showed an immediate and complete breakthrough of
mercury at 150 °C in an air stream corresponding to a velocity/sorbent ratio of
2.51sg71, indicating that physical adsorption cannot occur at this temperature.
Later, using a stopped-flow reactor with activated carbons at temperatures in
the range of 100—300 °C, Hall showed that the apparent reaction order for Hg’
sorption is half order in molecular oxygen [3]. Thus, the carbons are catalyzing
the oxidation of mercury with oxygen as the primary oxidant. In a flow-through
experiment with a nonimpregnated bituminous carbon at 140 °C in air at a slow
flow rate (0.191s7!), Krishnan et al. [4] observed an early breakthrough, but a
gradual decrease in capacity. As there did not appear to be any effect of Hg°
concentration on the capture of Hg, the reaction was zero order with respect to
HgP® concentration. Thus, the limiting factor was the low number of active sites
in the activated carbon. But why did Singha [2] not see any sorption? In more
recent flow-through experiments at the EERC with granular carbon (Calgon
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F400 or NORIT GAC1240) beds at 150 °C, we showed that at slow flow rates, the
breakthrough time in nitrogen was instantaneous, but was significantly longer
in air [5]. With F400 at fast flow rates, breakthrough was instantaneous for
both gases; thus, there was clearly a space velocity factor in these experiments.
Therefore, only at very slow flow rates can one see sorption occurring in air.

Further evidence for the formation of oxidized mercury on the carbon was
obtained from desorption experiments. Heating the spent sorbent beds from a
variety of experiments to temperatures over 200 °C resulted in release of mercury.
Sometimes temperatures of 750 °C were needed to eliminate the mercury from
the sorbent. Although the released mercury in these thermal experiments was
mostly elemental, it is unlikely that any Hg® existed on the carbon, as Hg®
volatilized easily at ambient temperatures in an air stream. When heated in a 10%
hydrogen stream, the spent sorbents released mercury at 125°C as Hg®. This is
the reported temperature for reduction of Hg (II) compounds.

Some of the most conclusive evidence for chemisorption comes from an
examination of the chemical form of mercury on the spent carbons using X-ray
adsorption fine structure (XAFS) spectroscopy. XAFS is a powerful spectroscopic
technique that can distinguish elemental and some of the oxidized mercury
forms in a solid sample on the basis of the inflection point differences (IPDs) in
the energy absorbance curve. Huggins et al. [6] showed that the mercury IPD of
sorbents exposed to flue gas was not consistent with that of elemental mercury or
with mercury bonded to oxygen. Rather, the IPD varied with gas composition and
was consistent with a Hg(II) species bonded to a polarizable (soft) element such
as chlorine, carbon, or reduced sulfur. This observation also rules out mercury
compounds, such as HgO, HgSO,,, or Hg(NO;), as well as bonds between Hg and
surface oxygen groups, including phenoxide, lactone, or ketone groups that had
been previously suggested as binding sites for mercury, and also most mineral
surfaces, such as iron or other metal oxides, silicates, and carbonates. Organic
and inorganic sulfides are rapidly oxidized to sulfonates and sulfates, respectively
[7, 8] and these are also ruled out by the spectroscopic data [6], as they bind via
the oxygen rather than the sulfur(VI). When a sorption experiment was carried
out with moisture present, but no flue gas, the IPD data for the mercury line
indicated that the mercury was bonded to at least one oxygen [9], so there is more
than one possible structure resulting from chemisorption, depending on the
oxidant, type of sorbent, or conditions, and this structure might include bonds to
some combination of carbon, sulfur, oxygen, or halogen.

23.2
Effects of Acid Gases on Mercury Capacities on Carbon

As discussed, activated carbons have little affinity for elemental mercury in air,
but the sorption properties of the same carbons change drastically in flue gas.
The interactions of the acid gases with the carbon surface determine the reactiv-
ity of the carbon to the mercury, as well as the capacity of the carbon for mercury.
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The description of this interaction has provided valuable clues to the detailed
mechanism of Hg chemisorption and binding on carbon.

An early study on acid gas effects with mercury on a carbon surface was that
conducted by Young and Musich, with carbons exposed to gas-phase Hg also con-
taining HCl and SO, [10].

Enhanced Hg sorption was observed in gas containing HCI. Because HCl is the
major form of halogen in flue gas (see Chapter 7), at least at temperatures at which
Hg capture occurs, we need to understand its role in the capture mechanism.
Because HCl is not an oxidant, and Hg is oxidized on carbon in the absence of
HCI [5], it is clear that neither HCI nor Cl, derived from HCI are necessary or
independently responsible for oxidation of Hg on the surface.

Two studies published in 1998 [1, 11] pointed out some important effects of
flue gas components on mercury sorption; however, many of these effects were not
understood until the interactions were later investigated. A large factorial series of
tests [12] using powdered activated carbon (Norit Americas flue gas desulfuriza-
tion (FGD) carbon) was conducted at the EERC in a bench-scale system consisting
of a thin fixed-bed reactor in gas streams (100—150 °C) containing 11-15pgm™
of Hg® in various simulated flue gas compositions consisting of acidic (SO,, NO,,
and HCI) gases plus a base mixture of N,, O,, NO, CO,, and H,O. The results of
these experiments (breakthrough curves) showed that NO, or the combination
of HCl plus O, is required for effective Hg® capture, so these represent the pri-
mary oxidants or electron acceptors for mercury oxidation. Some acid gases had
negative effects on mercury sorption, especially in combination. In one series of
tests conducted with constant NO, concentration [13], increasing the SO, con-
centration gave shorter mercury breakthrough times (Figure 23.1). When SO, was
omitted, no breakthrough occurred. In another series of tests at a constant SO,
concentration, increasing the NO, concentration gave shorter mercury break-
through times (Figure 23.2). Not only was SO, retarding the mercury capture,
the retarding effect became more important as the NO, concentration increased.
Thus, understanding of a very important interaction between NO,, SO,, and the
Hg sorption began to develop. This strong interaction indicated that the NO, was
oxidizing the SO, as well as the mercury on the carbon surface, and the resulting
sulfur(VI) was inhibiting the mercury capture and causing the breakthrough. This
effect was consistent with previous studies on the carbon-catalyzed oxidation of
SO, [14]. The water in the flue gas was also needed for breakthrough to occur,
which could be attributed to a requirement for the formation of sulfur(VI) [12].

The EERC work [12] also established that the Hg emitted after breakthrough
(i.e., when there is no more net Hg sorption on the carbon) was mostly oxidized
and can exceed inlet Hg concentration immediately following breakthrough.
Olson showed that Hg emitted after breakthrough in the absence of HCI was
Hg(NO;), [15], although in the presence of high HCI (50 ppm) concentrations,
the emitted oxidized form is undoubtedly HgCl,. This does not mean, however,
that either of these two compounds has collected in the carbon before break-
through. In fact, both forms easily desorb from an inert solid surface at 150 °C
[16, 17], and so are not likely to be present on the carbon before breakthrough.
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Figure 23.1 Mercury breakthrough curves for set of SO, concentrations with 15 pg m~3
Hg®, 50 ppm HCl, 300 ppm NO, 20 ppm NO,, and other baseline gases [13]. (Used with per-
mission of the Energy and Environmental Center.)
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Figure 23.2 Mercury breakthrough curves for set of NO, concentrations with 15 pg m—3
Hg®, 50 ppm HCl, 300 ppm NO, 1600 ppm SO,, and other baseline gases [13]. (Used with
permission of the Energy and Environmental Center.)

On the basis of these parametric studies and recognition that mercury is still
converted to Hg(II) after breakthrough, an initial mechanism for chemisorption
[18] that described the chemisorption mechanism as oxidation and competitive
binding of the oxidized mercury with a catalytic carbon site or sites was presented.
Oxidation of Hg? to form a bound Hg(1I) species occurs with the electrons donated
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to an electron-accepting (i.e., Lewis acid) site on the carbon. The electrons may be
lost to NO, or O, the primary oxidants. Thus, the carbon plays a catalytic role,
but the resulting oxidized mercury is bonded to the carbon structure. A donated
electron pair results in formation of a carbon—mercury covalent bond, but this
structure is labile, as the parametric tests revealed. An explanation for the SO,,
NO,, H,O inhibition of mercury capture is that the breakthrough behavior in the
parametric tests was dominated by the competition for binding sites between the
Hg(II) and acid components, mainly H,SO, generated from the oxidation of SO,
on the carbon, which continue to build up on the carbon surface during expo-
sure to flue gas. When the binding sites are completely occupied by acidic species
derived from the flue gas, Hg(Il) salts are displaced from the binding sites. The
equilibrium is shifted toward Hg salt release because of the high concentration
and lower volatility of H,SO,.

But mercury oxidation still occurs even after complete breakthrough. That is,
oxidation occurs in the presence of the bound sulfuric acid, although not always
at the same rate as the initial rate. The loss of capacity must not be the result of pore
plugging by species resulting from acid gases, as this would stop both oxidation
and binding. But pore plugging could slow the oxidation rate.

The competitive inhibition of Hg binding by S(VI) was further demonstrated
by Presto and Granite [19]. Halogenated and nonhalogenated carbon samples
exposed to SO; or impregnated with H,SO, (10 wt%) showed significantly
decreased mercury capacity. The effect of water and NO, in converting SO, on
the carbon to sulfuric acid was also confirmed.

Carey et al. [1] showed that increasing the inlet Hg concentration resulted in
increasing the capacity of the carbon. What is now understood is that the capac-
ity is determined largely by the sulfur(VI) formation and this occurs at the same
rate no matter what the mercury concentration is. As the number of active sites
for oxidation is very large, the more inlet mercury there is, the more is captured
until the binding sites are filled with sulfur VI. Fundamentally, the breakthrough
sorption curves that were being drawn did not provide the equilibrium capacity of
the sorbent for mercury; instead, they gave an indication of how fast the sorbent
was being poisoned by sulfuric acid.

The extensive mineral matter (35%) of the Norit Americas FGD sorbent could
contribute basic sites for Hg binding, but a sequential removal of the inorganic
matter from the FGD sorbent did not significantly affect the breakthrough behav-
ior [20]. Basic mineral groups, such as CaO present in the FGD sorbent, therefore
played no role in the mercury—flue gas interactions that determine the break-
through capacity. Actually, several activated carbons prepared from pure carbon
precursors were perfectly good sorbents. This suggests that the bound Hg is actu-
ally an organometallic complex. However, sorption of HgCl, from a flue gas may
not exhibit this exclusivity, because an oxidation site is not needed and any basic
site on the sorbent may bind Hg(II).

Further evidence for a competitive binding mechanism for Hg(II) and flue-gas-
derived components at a carbon site was provided in a series of studies carried
out at the EERC, in which carbons were exposed to various combinations of flue
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gases representative of high ClI coals for different times and the spent carbons
were analyzed by X-ray photoelectron spectroscopy (XPS) [7, 8]. These studies
verified that sulfur(VI) (sulfate, bisulfate, sulfonate, or sulfuric acid) was the major
sulfur species on all the exposed sorbent samples, and the longer the exposure to
SO,, the more sulfate was found in the sample. When NO, or H,O was omitted
from the flue gas, less sulfate accumulated. Thus, adsorbed SO, was clearly
oxidized on the sorbent surface to sulfur(VI) species in a process facilitated by
NO, and H,O. Additional XPS work [8] with flue gas streams containing low
concentrations of HCI typical of western coals, showed that organochlorine
intermediates build up on the carbon surface and then disappear along with the
bound mercury as the concentration of sulfuric acid increases. The XPS data also
indicate that two types of chlorine are present: ionic and covalent, and that both
chlorine forms disappeared from the sample at breakthrough. That chlorine is
present as both chloride ion and covalent (organic) chlorine indicates that the
HCl in the flue gas can donate a hydrogen ion to a basic site, as well as add both
hydrogen and chlorine to a basic site to form the organochlorine product. The
accumulation of chlorine in the absence of SO, as well as the disappearance of
chlorine after continued exposure in SO, is explained by competition of HCl
with bisulfate or sulfuric acid. As more H,SO, is generated from SO, at the
carbon surface, it displaces the more volatile HCl. Because disappearance of
chlorine is coincident with mercury breakthrough, it is clear that Hg(II) is also
in competition at the same site. Because of the interference caused by silicon,
XPS data could not be obtained for the mercury species present in the exposed
sorbents.

233
Kinetic HCI Effect

Although the early experiments revealed the nature of the competitive effects of
flue gas components on mercury capacity, determining their role in the oxida-
tive portion of the capture mechanism required further analysis. This information
would be essential to designing sorbents with faster oxidation. The key to under-
standing the role of HCI in the oxidation mechanism was provided by testing
of carbon sorbents in atmospheres containing low amounts of HCL In paramet-
ric bench-scale tests conducted in very low HCI concentrations, such as those
obtained when low-Cl coals (1 ppmv in the flue gas) are burned, the capture effi-
ciency at the start of the run was low (about 50% of inlet concentration), followed
by an increase in capture efficiency to the 90—95% capture rate [12]. This effect
was also seen in breakthrough curves for a number of sorbents prepared from low-
rank coals [21]. This behavior contrasts with the capture of mercury in relatively
high HCl concentrations (50 ppm), where capture at the start was always very high
(more than 95% of inlet concentration). The higher HCI concentration thus elimi-
nated this induction period during which poor capture is obtained, and, therefore,
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a promotional effect of the accumulating HCl on the activity of the carbon in cat-
alyzing the oxidation of mercury was indicated. Ghorishi et al. [22] reported an
increase in sorbent capacity as a result of pretreating the sorbent with aqueous
HCL. Thus, consideration of the effects of HCI on Hg sorption curves led to a
concept for understanding how the HCl promotes the mercury oxidation. This
promotion was not because the HCl was directly involved in the oxidation, as it is
in fact a highly reduced form of chlorine, and it is therefore not thermodynamically
feasible to oxidize Hg with HCI.

The possible role of atomic chlorine in surface reactions was briefly examined.
For HCl-promoted activated carbon (AC), Hg oxidation was not impeded by
the presence of free radical scavengers, indicating that an alternative mech-
anism involving Cl atoms was not likely [23]. Furthermore, the addition of
olefins (cyclohexene and styrene) to an HCl-treated carbon gave no substitution
products, which would have resulted from abstraction of hydrogen by any Cl
atoms present [24]. In contrast, the addition of HCI to the styrene occurred
exclusively via the Markownikoff regioselectivity, indicating a cation mechanism.
Thus, all four experiments indicated the absence of a radical or halogen atom
pathway.

Several features of the oxidation site were inferred from the HCI promotion
and bonding effects that led to development of a detailed chemical mechanism
of mercury capture on the carbon surface [23—-26]. This mechanism assumes a
single carbon site for oxidation and binding but in two different forms and thus
offers more detail on the nature of the bonding site and its interaction with flue
gases and Hg. The mechanism, shown in Figure 23.3, used the concept proposed
by Radovic and Bockrath [27] that zigzag carbene edge structures represent
active sites for carbon reactivity. The mechanism for the catalytic role of acids,
such as HCI, in the mercury oxidation step proposed addition of HCI and other
acids to the carbene edge carbons to form carbenium chloride ion pairs (Lewis
acid) that represent an oxidation site [26]. Reactions of the edge carbon with
molecular halogens generate similar highly reactive carbenium structures. The
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mechanism proceeds with Hg® oxidation by the carbenium halide ion pair to form
an organomercury intermediate. This intermediate can be subsequently oxidized
by NO, to a bound Hg?" species. After breakthrough, HgCl, is continuously
released as sulfuric acid competes for the site.

The oxidation of activated carbon is promoted not only by the addition of HCl,
but any other acid, including small amounts of sulfuric acid [5, 24]. Comparative
testing of a large number of acid-promoted ACs showed that they exhibit a
specific acid catalysis, not a general acid catalysis. That is, those acids with
polarizable counterions (HI > HBr > HCl) show faster initial rates compared with
strong and weak oxyacids and fluoroacids [24]. This finding is consistent with a
mechanism where the halide ion proximate to the cation actually can assist in
the oxidation mechanism by stabilizing the incipient mercurinium ion forming
in the transition state.

Later, the mechanism was somewhat modified to include the role of NO, in
helping to promote the oxidation site [28]. The combination of HCl and NO, in
the gas was a very effective promoter of mercury oxidation. The current thought is
that multiple charges in the aromatic system may concentrate more of the positive
charge and, thus, the oxidation potential at the protonated edge site [29, 30].

The number of active sites on a carbon-based sorbent can be estimated by deter-
mining the amount of accumulated sulfate at the time of Hg breakthrough, when
essentially all of the binding sites are occupied by sulfate and unavailable for bind-
ing Hg. The amount of bound sulfate was calculated from the measured rate of
SO, oxidation on Norit Americas Darco FGD [31] and the breakthrough time in a
fixed-bed bench-scale test. This calculation gave 3.4 mol of potential sites per kilo-
gram of carbon. The question in actual use of the carbon is how fast these sites are
promoted to active status.

Early research [1] determined that mercury capacity was inversely related to
temperature, and was incorrectly attributed to physisorption. A better explana-
tion for the lower capacity in flue gas at higher temperature is that the rate of
oxidation of SO, to sulfuric acid increases with temperature, so that the buildup
of poisoning H,SO, on the sorbent occurs at a faster rate. It may also be true in
general that the rate of loss of HgCl, from the active sites is faster at high tem-
perature than the rate of oxidation. This is not a true equilibrium as elemental
mercury is going on the carbon and oxidized mercury is coming off. The question
of temperature dependence of the oxidation was only recently answered. Compar-
isons of the initial capture efficiency (where kinetic rather than capacity effects
predominate) in low-Cl gas at high and low temperature showed that Hg® was
captured more effectively at the higher temperature. As the rate increases with
temperature, the oxidation step is rate controlling and the physisorption reverse
reaction is not of importance in controlling the rate. The implications of this find-
ing for control technology are that when contact time is very short and reactivity
is important, then higher temperatures will give faster oxidation rates for both
mercury and SO,, but the effect of faster SO, reaction to sulfate is not impor-
tant because binding sites are still abundant in the short time period. For sorbents
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collected on a filter bag and in contact with the flue gas for a long time, the capac-
ity will be greater at a lower temperature, because sulfate builds up more slowly at
the lower temperature.

Halogenated carbons typically exhibit very high initial rates of mercury oxida-
tion, with no induction period. So they are very effective in mercury capture in
utilities where the contact time of the sorbent carbon and the gas phase in the
duct is short. However, the capacity of the halogenated carbons may actually be
less than that of the nonhalogenated carbons. Presto and Granite demonstrated
that in a packed bed reactor with good gas—solid contact, bromination of the car-
bon does not increase the capacity [19].

Current work involves decoupling the oxidation from the binding steps so that
effects of gas components on the oxidation step can be determined, and rate con-
stants derived. These experiments utilize a sorbent bed that has broken through
so that most of the inlet Hg® is oxidized by the bed in the flue gas, but no mer-
cury is captured [31]. Then, by measuring the Hg and total Hg in the effluent
gas simultaneously for a matrix of experiments in which one, two, three, and four
components are deleted or reduced, rates of oxidation, and changes in binding
chemistry can be determined for each condition. Thus, removal of NO, resulted
in a significant decrease in oxidation rate, but oxidation was still able to occur
(pseudo first order k=1.41sg™! sorbent) with O, and NO present. Removal of
HCI from the gas composition decreased the oxidation rate, consistent with the
specific acid catalysis mechanism, but, because oxidation still occurred, the oxi-
dation can evidently occur via the sulfate-bound carbenium ion.

234
Summary

Several factors that determine the amount and rate of Hg capture on carbons have
been described. Most important are (i) the competitive interactions of the flue gas
components with each other and oxidized mercury on the carbon surface sites in
determining mercury capacity on carbon and (ii) the interactions of the acid gases
with the carbon surface in determining the reactivity of the carbon for oxidation
of mercury. The description and understanding of these interactions has provided
valuable clues to the mechanism of Hg chemisorption and binding on carbon. The
key to understanding the role of HCI was the finding that sorption experiments
conducted in low amounts of or no HCl experienced an induction effect, an initial
period of time where the reactivity to Hg oxidation develops [5]. This finding led
to the concept of acid promotion of a carbon site to form a carbenium ion that
is highly reactive for oxidation, resulting in formation of an organomercury inter-
mediate. The direction in sorbent research recently has been guided by the insight
that more reactive or more selective oxidation sites can be generated by varying
the carbenium ion structures that are formed.
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24
Atomistic-Level Models

Jennifer Wilcox

24.1
Introduction

Understanding the speciation of mercury throughout the coal-combustion
process is crucial to the design of efficient and effective mercury removal
technologies. Mercury oxidation takes place through combined homogeneous
(i.e., strictly in the gas phase) and heterogeneous (i.e., gas—surface interactions)
pathways. Both bench-scale combustion experiments [1] and quantum-
chemistry-based theoretical model efforts [2, 3] indicate that homogeneous
mercury oxidation is responsible for, at most, 10% of the overall oxidation in a
typical coal-fired flue gas with chlorine levels at 500 ppmv (e.g., HCI equivalent).
These studies have been additionally confirmed by recent work that compares
model predictions to bench-scale experiments, with the simulation predictions
dependent on previous kinetic submodels developed specifically for Hg oxidation
[4, 5]. Mercury speciation in coal-fired flue gases are extremely complex and
depend on many factors, some of which include the mineralogy and chem-
istry of the coal, combustion conditions, power plant configuration, flue-gas
composition, and temperature-time history from the boiler to the stack.

The extent to which particulate-bound mercury (Hg,), gaseous oxidized mer-
cury (Hg?*), and gaseous elemental mercury (Hg°) are emitted from the stack
is also dependent on the existing pollution controls in a given power plant. The
effective removal of Hg through existing flue-gas control technologies acts as a
co-benefit (as discussed elsewhere in this book). For instance, electrostatic precip-
itators (ESPs), in particular cold-side ESPs and hot-side ESPs, capture, on average,
27% and 4% of Hg, while fabric filters (FFs) are more effective with approximately
58% Hg removal [6]. In general, Hg, or Hg?* is easier to capture using one of these
control technologies. In addition, oxidized Hg may also be captured in existing
flue-gas desulfurization (FGD) units as the oxidized form is water-soluble. Acti-
vated carbon injection (ACI) is a direct method used for Hg capture, in which
powdered activated carbon (PAC) is injected into the plant’s flue-gas stream where
it adsorbs gaseous Hg and is collected in downstream particulate control devices,
such as FFs or ESPs. Heterogeneous investigations include both adsorption and

Mercury Control: for Coal-Derived Gas Streams, First Edition.
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oxidation mechanisms associated with natural surfaces present in the flue gas such
as fly ash, but also include surfaces associated with existing control technologies,
such as selective catalytic reduction (SCR) catalysts or specific Hg-control tech-
nologies such as activated carbon (AC) or precious-metal sorbents and catalysts.
The fundamental model investigations carried out to date may be classified into
three major categories: homogeneous Hg oxidation kinetics, chemisorption on
AC, and adsorption and amalgamation of Hg with precious metals.

24.2
Homogeneous Mercury Oxidation Kinetics

24.2.1
Mercury-Chlorine Chemistry

Gas-phase oxidation occurs primarily via chlorine species originally present
in the coal as the gases cool down through the air preheater and air pollution
control devices. Thermodynamic calculations predict that Hg oxidation occurs
at temperatures below approximately 700°C and that Hg will be completely
oxidized at or below 450°C [7]. Regardless of the thermodynamic equilibrium
model predictions, experimental evidence has found that not all of the Hg is
oxidized in the flue gas, regardless of the chlorine content of the coal. These
experimental findings have led the Hg control community to determine that
Hg oxidation is kinetically, rather than thermodynamically, limited [7]. For this
reason, there has been significant investigation of determining accurate Hg
oxidation kinetics from quantum-mechanical-based estimates because of the
difficulty of the flue-gas measurements.

Some of the first studies to include quantum chemistry into the examination of
the oxidation kinetics of Hg for flue-gas applications are those of Sliger et al. [8, 9],
in which a homogeneous kinetic model for Hg oxidation via chlorine was deter-
mined and coupled with bench-scale combustion experiments. On the basis of
these experiments, it was found that oxidation increases with increasing HCI con-
centration, which is consistent with previous experiments carried out by Hall et al.
[10, 11] Adding to these initial investigations, the work of Wilcox et al. [12-14]
and Krishnakumar and Helble [15] provide a fairly complete set of Hg oxidation
kinetics via Cl-containing compounds for the following set of reactions:

Hg + Cl & HgCl (R1)
Hg+ O & HgO (R2)
Hg + Cl, «+ HgCl + Cl (R3)

Hg + Cl, < HgCl, (R4)
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Hg + HCl & HgCl + H (R5)
Hg + HOCI < HgCl + OH (R6)
HgCl + CI « HgCl, (R7)
HgCl + Cl, < HgCl, + ClI (R8)
HgCl + HCl « HgCl, + H (R9)
HgCl + HOCI < HgCl, + OH (R10)

Reactions 1, 2, 4, and 7 are all unimolecular decomposition reactions in the
reverse direction and are often writing in terms of a collision partner “M” on either
side of the reaction. The collision partner is omitted here and as such the rate
constants reported herein are in units of cm3 mols™! for the forward directions
and s7! for the reverse directions. If the concentration of the collision partner is
taken into account, the forward direction of the recombination reactions would
have units of cm® mol? s™!. The remaining reactions are classified as bimolecular
with reported units of cm®mols™'. A variety of quantum-mechanical-based
approaches have been carried out to accurately predict the rate constants of
R1-R10. As there are limited experimental data available for these reactions,
especially at high temperature, the levels of theory employed have been bench-
marked against available experimental structural and thermochemical data. A
comparison of predicted to measured vibrational frequency and bond distance
data is presented in Tables 24.1 and 24.2, respectively. The levels of theory
considered in Tables 24.1 and 24.2 are based on previous high-level kinetics
predictions that have relied on these combined methods and basis set choices.
The methods that have resulted in the most accurate predictions include B3LYP,
MP2, MP4, QCISD, QCISD(T), and CCSD(T), and have been used alongside a
variety of basis sets. Owing to the large number of electrons in Hg [16], basis sets
incorporating relativistic effects for the inner-core electrons are required. The
work of Wilcox et al. on Hg oxidation via Cl-containing compounds has relied
primarily upon two basis sets, that is, the “60VDZ” basis set of the Stevens et al.
[17] group and the “60MDF” basis set of the Stuttgart [18] group. Both of these
basis sets replace 60 of Hg'’s atomic core electrons with a relativistic effective core
potential. The work of Krishnakumar and Helble [15] has relied upon the “SDD”
basis set for Hg, which uses Stuttgart [18] pseodopotentials, in addition to the
“CEP-121G” basis set, which uses pseodopotentials developed from the Stevens
[17] group. For the non-Hg species, either the D95++(3df,3pd) or the Pople
6-311++G(3pd,3df) basis set was used. Both of these basis sets include diffused
and polarization functions on the O, Cl, Br, and H atoms. For the prediction of
Hg oxidation via Br-containing compounds, Wilcox and Okano [19] used the
augmented correlation-consistent basis set developed by Peterson et al. [20, 21],
termed AVTZ.
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Table 24.1 Comparison between experimental and theoretical vibrational frequencies
(cm™") for various mercury-containing compounds.

Molecular species Vibrational frequency (cm~") Level of theorya)
Experiment Prediction
HgCl 292.61 [22]; 244.4 B3LYP/60VDZ
298.97 [23] 280.6 QCISD(T)/SDD
285.5 MP4/SDD
290.3 QCISD/CEP-121G
290.6 QCISD/60VDZ
303.0 MP2/CEP-121G
HgBr 188.3 [24] 153.8 CCSD(T)/AVTZ
162.7 B3LYP/60MDF
HgO NA 390 QCISD(T)/60VDZ
HgCl, (symmetric stretch) 313-366 [25, 26] 318 B3LYP/60VDZ
340 QCISD/60VDZ
(Bend) 100 [27] 92 B3LYP/60VDZ
97 QCISD/60VDZ
(Asymmetric stretch) 376-413 [28] 374 B3LYP/60VDZ
394 QCISD/60VDZ
HgBr, (symmetric stretch) 218-229 [29-32] 201 B3LYP/60MDF
218 CCSD(T)/AVTZ
(Bend) 68 [27] 60 B3LYP/60MDF
67 CCSD(T)/AVTZ
(Asymmetric stretch) 293 [33] 271 B3LYP/60MDF
289 CCSD(T)/AVTZ

a) All predictions from Wilcox et al. [12—14, 19] with the exception of SDD and CEP-121G basis
sets, which were sourced from Krishnakumar and Helble [15].

The predicted vibrational frequencies of the ground states of HgCl, HgBr, HgO,
HgCl,, and HgBr,, have all been compared to experimental data, except in the
case of HgO, in which experimental data was unavailable. There have been two
experimental reports of the single vibrational mode of HgCl reported in the lit-
erature, that is, 292.61 [22] and 298.97 cm™! [23] and a number of experimental
investigations [25—28] on the vibrational modes of HgCl,. From Table 24.1 it can
be seen that the QCISD (CEP-121G, 60VDZ) and MP2/CEP-121G levels of theory
agree best with experiment. In addition, the QCISD/60VDZ level of theory was
also able to accurately predict the vibrational frequencies of HgCl,. A number of
experimental measurements [24, 27, 29-31, 33] have also been made on HgBr
and HgBr,, and a comparison of experiment to prediction shown in Table 24.1
indicates that the CCSD(T)/AVTZ level of theory is the most accurate.

Table 24.1 also includes a comparison of the predicted equilibrium bond dis-
tances to available measured data. Experimental measurements [34—36] of HgCl
bond distances range from 2.23 to 2.50 A. All of the levels of theory investigated
predict bond distances within this range. The experimental bond distances [34, 38,
39] for HgCl, range from 2.25 to 2.44, and again, both levels of theory considered
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Table 24.2 Comparison between experimental and theoretical bond lengths (A) for various
mercury-containing compounds.

Molecular species Bond length (A) Level of theorya)
Experiment Prediction
HgCl 2.23-2.50 [34-36] 2.40 MP4/SDD
2.41 QCISD (CEP-121G; 60VDZ)
QCISD(T)/SDD
2.48 B3LYP/60VDZ
2.49 MP2/CEP-121G
HgBr 2.62 [24] 2.62 B3LYP/60VDZ
2.64 B3LYP/60MDF
2.70 CCSD(T)/AVTZ
HgO 2.03 [37] 2.07 QCISD(T)/60VDZ
HgCl, 2.25-2.44 [34, 38, 39] 2.30 QCISD/60VDZ
2.32 B3LYP/60VDZ
HgBr, 2.378 [40] 2.40 CCSD(T)/AVTZ
2.46 B3LYP (60MDF; 60VDZ)

a) All predictions from Wilcox et al. [12—14, 19] with the exception of SDD and CEP-121G basis
sets, which were sourced from Krishnakumar and Helble [15].

provide accurate predictions. The QCISD(T)/60VDZ level of theory predicts a
bond distance of 2.07 A for HgO, which agrees reasonably well with the experi-
mental value [37] of 2.03 A from X-ray diffraction measurements. The HgBr bond
distance was measured by Tellinghuisen and Ashmore [24] using emissions spec-
tra photography, with an estimated bond distance of 2.62 A, which matches exactly
with the predicted value from B3LYP/60VDZ. Experimental results of Deyanov
et al. [40] yield an Hg—Br bond distance within the HgBr, molecule of 2.378 A.
In general, the CCSD(T)/AVTZ level of theory predicts both the HgBr and HgBr,
geometries reasonably accurately, deviating from experiment by 0.08 and 0.03 A,
respectively.

In addition to the spectroscopic and structure comparison, the enthalpy
changes of the reactions of interest have also been predicted and directly com-
pared to available experimental data. Table 24.3 shows both thermochemical
and kinetic parameter predictions along with available experimental estimates
for reaction enthalpies. In particular, Reaction 1 has received a lot of attention
because of the discrepancies reported in the literature and it has been established
as the rate-determining step for homogeneous Hg oxidation. The rate constant
has been measured experimentally by Donohoue et al. [41] using laser-induced
fluorescence and by Horne et al. [42] using flash photolysis. An effective second-
order rate constant of 4.57x 10! cm® mols™' was calculated by Donohoue
et al. from their reported Arrhenius expression at 260 K and 1atm. Similarly,
the second-order rate constant reported by Horne et al. at 393K and 1atm is
1.95 x 102 cm® mol s~!. There has been one quantum-based theoretic prediction
for the rate constant of the forward recombination pathway of Reaction 1 by



‘0T Jo s1omod juasardar sasayjuared ur sraqumN
3y LV = 7 st uoissaidxa a3ex juopuadop-ainjerodway, (o
_9 LV = ¥ st uoissaidxa ae1 juspuadop-arnjeradway, (p

86T
L

/-

/T

‘uwm(od °g a3 ul paisi] U Y3m ¢ A v«x = 5 s1 uorssaxdxa ayer yuopuadop-ainjeradway, (o
u—

‘puodas 1ad ur a1e Y jo syrun)  (q

394| 24 Atomistic-Level Models

" 1u/°7-°LV = ¥ st uorssa1dxa ayer yuopuadop-ainjeradway, (e
[sT] 09AaW/dATED €0 [sles8ce S¥'9T—
IdN09/dXT1ed S0 [0T] 8%°€ 03 [6] PL'T L¥'9T— 09'9¢— HO + “1DSH < IDOH +1D8H "01Y
[ST] 09AHN/dATEL 6¥C [eTl 67T 05°0T
[F1] AAN09/ASIDO 6¥C l6] s6'1 05°0T 9%°0¢ H+ Y08H < IDH +1D8H 64
[ST] 091aN/dXT1ED or'e— [P](28T°S €eve—
dAW09/dX1ed 0 [0T] LF'C 03 [6] €F'T (4o 7am LT D+ 90SH < YD +1D8H '8y
[sT] aas/vanw 0T'1 [oT]poT 6L°€8—
[€T] AAN09/dXTEL 1958 (TT](00°2 Yh6L— 0478~ oSH < 1D +108H LY
[s1] aas/(1)asino 8'1¢ [¥1] 69C 69°0€
[2T] ZAA09/dXTED 9'9¢ [eT] 90°¢ $9°6¢ 121€ HO +1D8H < [DOH +8H 9%
[sT] aas/(1)asind L'6L [stloze 66'6L
[cT] ZAA09/dXTED €'¢6 [e1] €6'T 00°6L $T'8L H+1D8H < [DH +3H "5¥
[€T] AAN09/dXTEL $9'8 [§] 221 €0°65— €916~ D8H < ‘D +8H By
[ST] D12T-d3D/ASIDD 6'S¢ [e1] ¢s¥ 00°€€
[21] ZAA09/dXTed ¢eh (€Tl ST9 6L°1€ L0°€€ D+1DSH< YD +8H €y
TTH9—
‘leglLeeT—
[¥¥lc68—
[eT] ZAA09/(1)ASIDO €0 [S](pT9's 8501~ [evloov— O8H< O+8H 7y
[¥1] ZAA09/ASTO0 Lt [8]qeve Lese 167 1D +8H < [D8H 1Y 951240y
[ST] DTTT-dAD/TdIN 71t [1T]ebeT 17'SC— 16%C— [D8H < D+5H Ty
uoidipaid uoindipaid meu u:wE_‘_waw
(,—low [e2y) °3 (=S Jow cud) (,-low [ex) *Hy
£K103Y) Jo [9ADT] sonauny Ansiwayo>oway | uoideay

‘1033 JO S|9AS| SNOLIEA JSA0 spunodwod
BuiuIRIUOD-3ULIOJYD BIA UOIIEPIXO AINDISW JO Sidldweled (JURISUOD 31el) d13auly pue (Adjeyius uodeal) [eDIWSYDoWISY) U9aMISq uosiiedwo) €'y d|qel



24.2 Homogeneous Mercury Oxidation Kinetics

Krishnakumar and Helble [15] at the MP2/CEP-121G level of theory, which is
3.77x10° and 1.52 X 10'% cm® mol s™! at 260 and 939 K, respectively. The reverse
rate constant of Reaction 1 may be estimated on the basis of available experimen-
tal equilibrium constant as the equilibrium constant is equal to the ratio of the
forward and reverse rate constants. The reverse unimolecular decomposition of
HgCl was investigated by Wilcox et al. [14] at the QCISD/60DVZ level of theory
with a prediction of 1.45x 10*s~!, compared to the experimentally calculated
estimate of 4.31 x 103 s71, derived from the measurement of Horne et al. at 393 K
and 1atm. Both MP2/CEP-121G and QCISD/60VDZ levels of theory predict
the heat of reaction for HgCl decomposition accurately to within 1 kcal mol™, as
shown in Table 24.3.

For the HgO formation reaction (R2), both the forward and reverse rate
constants have been predicted by Wilcox [13] at 1 atm and over a temperature
range of 298—-2000 K, with the kinetic parameters of the forward recombination
reaction presented in Table 24.3. It is noted that the thermal decomposition
temperature of mercuric oxide is 773 K. There are no experimental rate constant
data to compare to, but the heat of reaction has been compared against previously
reported theoretical and experimental estimates. Estimating the enthalpy of
formation of HgO has received a great deal of attention in the literature, and this
formation enthalpy is required for accurate estimation of the reaction enthalpy.
Theoretical calculations [39, 43, 44] have reported enthalpies of formation
ranging between 60.2 and 81.2 kcal mol~!, with an experimental estimate [38] of
10 kcal mol~!. The reaction enthalpy estimates are listed in Table 24.3 and range
from —4.00 to —13.97 kcal mol™! based on theory to —64.22 kcal mol~! based
on experiment. The QCISD(T)/60VDZ level of theory predicts an enthalpy of
reaction of —10.58, which agrees well with previous estimates and was used to
determine the temperature-dependent rate constant parameters at 1atm. Both
thermochemical and kinetic parameters are available in Table 24.3 for Reactions
3-10, with the details of comparison and calculation available in the original
work of these previous studies. The goal of these fundamental gas-phase sub-
models is to provide kinetic data to global reaction models that would otherwise
be deficient owing to the limited experimental data available over the flue-gas
temperature range of interest.

Bench-scale simulated flue-gas experiments have been carried out by Fry et al.
[45] and Cauch et al. [1] to accurately measure Hg oxidation as a function of
quench rate. Fry et al. [45] carried out experiments to evaluate the effects of
quench rate and quartz surface area on Hg oxidation and performed a detailed
kinetic modeling analysis of homogeneous Hg oxidation reactions. In their
system, Hg and Cl, are injected into a natural gas-fired premixed burner to
produce a radical pool representative of real combustion systems and passed
through a quenching section following the hot temperature region in the furnace
as the quench rate of the flue gas can influence the extent of Hg oxidation. Two
different temperature profiles were employed, producing quench rates of —210
and —440Ks~!. The Hg concentration in the reactor was 25 ugm=2, while Cl,
concentrations ranged from 100 to 600 ppmv (equivalent HCl concentration).
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At Cl, concentrations of 200 ppmv, the larger quench rate resulted in a 52%
increase in Hg oxidation compared to the lower quench rate. On the basis of
kinetic modeling of the post-flame chlorine species, it was assumed that the Cl,
molecules are converted to Cl radical species as they pass through the flame and
then are subsequently converted predominantly to HCL. When investigating the
effect of surface area of the quartz reactor, a threefold increase in surface area
resulted in a 19% decrease in Hg oxidation, which is explained by the chlorine
radical termination at the surface. It was concluded that quartz surfaces do
not catalyze Hg oxidation reactions, but inhibit them, and that these surface
interactions are negligible.

Recent experimental results of Cauch et al. [1] have shown that previously
reported homogeneous Hg oxidation in the presence of chlorine may be exagger-
ated because of bias when using wet-chemistry measurement techniques. Linak
et al. [46] have shown that Cl,, in a simulated flue gas in the absence of SO,,
creates a bias in the Ontario Hydro method and overpredicts the concentrations
of oxidized Hg. It has been shown that as little as 1 ppmv Cl, is enough to
create a bias of 10-20% in the amount of oxidized Hg captured in the KCl
solution. Within this study, the bias was eliminated by adding SO, to the flue
gas or adding sodium thiosulfate (Na,S,0;) to the KCI impinger. Similarly,
Ryan and Keeney [47], in an actual flue-gas environment, have demonstrated
that 10 ppmv Cl, added to the flue gas without SO, results in 91.5% oxidized
Hg, with a decrease to 39% when the KCI impingers are spiked with sodium
thiosulfate. A simulation study has been carried out by Gharebaghi et al. [4, 5]
using the results from the experiments of Cauch et al. [1] with the corrected
conditioning system to test the performance of the fundamental homogeneous
Hg oxidation kinetics. Simulation of Hg speciation was carried out using the
PREMIX module of the CHEMKIN II software package [48]. The Arrhenius
parameters for the model predictions were taken from a combination of sources,
with Reactions 1, 3, 5—10 included in the model in particular. The experimental
rate constant determined by Donohoue et al. [41] was used for Reaction 1,
model predictions from Niksa et al. [49] were used for Reactions 3 and 7, and
quantum-level theoretical predictions were provided from Wilcox et al. [12, 14]
for Reactions 5, 6, 8—10. Additional supporting mechanisms include chlorine
chemistry from Roesler et al. [50], C/H/O mechanism by Dreyer et al. [51], and
the Leeds SO, and NO, mechanism [52], resulting in a global combustion model
of 80 species and 361 reactions. Figure 24.1 shows the results of the simulation
predictions and their comparison to the bench-scale experiments of Cauch et al.
[1] The model provides reasonable agreement with the experimental data at the
440 K s™! quench rate, but underpredicts the data at 210 Ks™1.

The experimentally derived activation energies and rate constants can have sig-
nificant errors due to wall effects as well as uncertainties in the determination of
mercury and its compounds down to parts per billion and lower levels in flue gas.
Noting these potentially large experimental uncertainties introduced by hetero-
geneous chemistry occurring on the reactor walls, and the measurement uncer-
tainties, the models appear to reasonably reflect the experimental data.
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Figure 24.1 Error bars represent the standard deviation from analysis of multiple
experiments.

2422
Mercury-Bromine Chemistry

Significant attention has been paid to Hg oxidation via bromine, in addition to
chlorine, because of the enhanced Hg oxidation kinetics of Br-containing com-
pounds. Previous investigations report that bromine reacts faster than chlorine
toward the production of HgBr,. Similar to the Hg oxidation reactions involv-
ing Cl-containing species, Gharebaghi et al. [4] have also simulated Hg oxidation
based on the following reactions:

Hg + Br < HgBr (R11)
Hg + Br, < HgBr + Br (R12)
Hg + HBr < HgBr + H (R13)
Hg + HOBr < HgBr + OH (R14)
HgBr + Br < HgBr, (R15)
HgBr + Br, <> HgBr, + Br (R16)
HgBr + HBr < HgBr, + H (R17)

HgBr + HOBr < HgBr, + OH (R18)
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Figure 24.2 Comparison of measured and predicted Hg oxidation with HBr addition at two
different reactor temperature quench rates [4].

Similar to the methodology previously discussed, Gharebaghi et al. [4] have used
avariety of fundamentally derived rate parameters to simulate the global oxidation
behavior of these reactions and have directly compared to experimental predic-
tions of Cauch et al. [1], as shown in Figure 24.2. The rate parameters of Reaction
11 were taken from the experiments of Donohoue et al. [53] using laser-induced
fluorescence, while the rate parameters of Reactions 14, 16, and 18 were taken
from work carried out by Niksa et al. [54] The rate parameters for Reaction 15 was
calculated from first principles by Goodsite et al. [55], while the parameters for
Reactions 12, 13, and 17 were provided by Wilcox and Okano [19] and are based
on first-principle quantum mechanical calculations. Table 24.4 provides a fairly
complete list of thermochemical and kinetic parameters associated with 8 of the 10
Hg-Br reactions of interest. In previous work, Wilcox and Okano [19] compared
their predicted rate data of Reactions 11, 12, and 15 to available experimental [53,
56] and theoretical [55—60] data in the literature. In particular, the theoretical
rate constant prediction of 3.84 x 10! cm® mol s~ at the CCSD(T)/AVTZ level of
theory for the forward direction of Reaction 11 agrees well with other theoretical
[56-59] (ranging between 1.80x 10 and 1.92 x 10'2 cm® mols~!) and experi-
mental [53] (ranging between 1.08 x 10! and 3.25 x 10'! cm® mol s™!) estimates at
298 K and 1 atm. In addition, for Reaction 12, the theoretical rate constant predic-
tion 0of 9.9 x 1078 cm® mol s~! at the B3LYP/60VDZ level of theory for the forward
direction agrees well with a slight underprediction compared to other theoretical
calculations [60], which range between 1.96 X 107 and 3.25 x 10~ cm® mols™! at
298 K and 1 atm. Additional details are available in the manuscript of Wilcox and
Okano [19].
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Table 24.4 Comparison between thermochemical (reaction enthalpy) and kinetic (rate con-
stant) parameters of mercury oxidation via bromine-containing compounds over various
levels of theory.

Reaction Thermochemistry Kinetics Level of theory [19]
AH_ A E,
(kcal mol~") (cm3 mols~") (kcalmol™")

Experiment [38]

Prediction Prediction

R11. Hg + Br < HgBr ~1651 1672 2.009[12] 1.91 B3LYP/60VDZ
1574  4.009[11] 0.85 CCSD(T)/AVTZ

R12. Hg+ Br, < HgBr + Br 29.56 2883  9.76[14] 2649  B3LYDP/60VDZ
31.59 1.15 [15] 3008  CCSD(T)/AVTZ

R13. Hg + HBr < HgBr + H 70.95 67.69 1.86 [13] 7158  B3LYP/60VDZ
R15. HgBr + Br < HgBr, ~72.02 7194  2.009[12] 918  CCSD(T)/AVTZ

—7013  8.003[10] 7644  B3LYDP/60MDE
R16. HgBr + Br, <> HgBr, + Br ~25.95 —24.61 4.02 [11] 087  CCSD(T)/AVTZ

R17. HgBr + HBr < HgBr, + H 15.44 1428  9.41[12] 1868  B3LYP/60MDE

-n
a) Temperature-dependent rate expression is k = A(é) with 7 listed in the E, column.

Numbers in parentheses represent powers of 10.

The concentration of equivalent HBr was varied between 0 and 45 ppmv com-
pared to a range of 0—500 ppmv of equivalent HCI as HBr dissociates more read-
ily than HC], resulting in a greater quantity of Br radicals for Hg oxidation. The
homogeneous Hg oxidation model via bromine predicts that oxidation begins
at a higher temperature than in the case of chlorine, at approximately 1100 K
compared to 800 K (chlorine). The simulated results are in reasonable agreement
with experiment for the 450 Ks™! quench rate above 25 ppmv equivalent HBr,
but overestimate oxidation at lower concentrations. On the other hand, for the
220K s~} quench rate, the simulations underpredict oxidation at high tempera-
ture and show reasonable agreement at concentrations less than 10 ppmv equiv-
alent HBr. Owing to the disagreement between the simulation predictions and
experiments, it is clear that additional work is still required in this area. It is also
noted that there is substantial uncertainty in the experimentally derived kinetic
parameters.

From these previous combined modeling-experimental studies it is clear that
homogeneous Hg oxidation is only one aspect of the complete mechanism in
the complex flue-gas environment. In reality, surfaces are present in the form of
unburned carbon, which may serve to both adsorb and oxidize Hg. Oxidized Hg
may be captured in existing downstream wet FGD units and HgP may be captured
via ESPs or FFs. Therefore, understanding the mechanism of Hg reactivity across
carbon surfaces is imperative to its effective control.
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24.3
Heterogeneous Chemistry

24.3.1
Mercury Adsorption on Activated Carbon

AC has been extensively tested in laboratory- and full-scale systems and has
shown the capacity to capture both elemental and oxidized Hg in coal combustion
flue gas. A relatively large amount of AC injection is required for the control of
Hg from subbituminous-coal- or lignite-combustion flue gas. Depending on the
system conditions, an AC-to-mercury mass ratio of at least 3000—20 000 (C/Hg)
may be necessary to achieve 90% Hg removal [61—-63]. Currently, the design of
more effective Hg capture technology is limited by incomplete understanding of
the mechanism(s) of Hg oxidation and adsorption on carbon surfaces [64].

The development of accurate fundamental models for Hg—AC reactivity
requires careful characterization experiments on materials exposed to well-
controlled reaction conditions. Therefore, an overview of such experiments will
be discussed before the theoretical model efforts. It is generally accepted that
acidic sites on the surface are responsible for elemental Hg capture on AC [65, 66].
In its atomic state, Hg acts as a base in that it has the propensity to oxidize (i.e.,
donates electrons to a surface or another gas-phase molecule); therefore, Hg will
readily interact with acidic sites on the carbon surface. However, once oxidized,
and thus acidic in nature, Hg species are thought to compete with acidic gases for
the basic sites available on the carbon surface.

The presence of halogens (i.e., bromine, chlorine, and iodine) promotes Hg oxi-
dation on carbon surfaces [66, 67]. Subsequently, AC demonstrates higher Hg
removal performance in the flue gas of coals with greater chlorine content, as
the combustion of such coal results in a higher concentration of HCl in the flue
gas. Hutson et al. [68] exposed brominated and chlorinated AC to Hg-laden simu-
lated flue gas and characterized the sorbents using X-ray absorption spectroscopy
(XAS) and X-ray photoelectron spectroscopy (XPS). Within this work no evidence
was found for homogeneous oxidation of Hg, and no Hg was found present on the
AC surface; however, oxidized Hg was found on the surface, present as a chlori-
nated or brominated species. It is important to note that owing to the low coverage
of Hg on the carbon, the speciation of Hg was not determined. Given the results,
the authors proposed Hg capture on chlorinated and brominated carbons occurs
via surface oxidation of Hg with subsequent adsorption on the carbon surface.
Similar to its role in homogeneous Hg oxidation, bromine is thought to have a
stronger promotional effect on Hg oxidation/adsorption, but the reason for the
difference between bromine and chlorine is not well understood. Recently, the
Hg oxidation was demonstrated on a wood-derived Cl-promoted AC in both N,
and flue gas [69]. The adsorption of Hg on AC was shown to be a chemisorption
process, where all Hg was oxidized to Hg?* on the surface as a result of chlorine
promotion. While chlorine was consumed, Hg?* was still noted as being present in
the outlet gas, indicating that the AC was also capable of catalyzing Hg oxidation.
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Huggins et al. [70] characterized AC samples after testing in Hg-laden simulated
flue-gas conditions using X-ray absorption fine structure (XAFS) spectroscopy.
The XAFS results revealed that chlorine and sulfur are adsorbed on the AC sur-
face after exposure to HCI and SO,, and Hg-anion chemical bonds are formed
in the sorbent materials. They suggest that the acidic flue-gas species (e.g., HCI,
HNO;, H,SO,) promote the creation of active sites for Hg chemisorption on the
carbon surface, and that an oxidation process, either in the gas phase or simul-
taneously as the Hg atom interacts with the sorbents, is involved in the capture
of Hg. Olson et al. [66] performed fixed-bed tests with various gas conditions
for Hg and HgCl, adsorption on AC and found that the presence of both HCl
and NO, reduced the induction period of Hg oxidation, and that in general acid
flue-gas components significantly impacted the adsorption of oxidized Hg species.
The formation and presence of the oxidized form, Hg(NO,),, was observed in the
effluent gas in the presence of NO,, but in the absence of HCI. Laumb ez al. [71]
carried out surface analyses using XPS on ACs exposed to Hg-laden simulated
flue gas (e.g., SO,, NO,, HCI, H,0), but were unable to determine the oxidative
state of surface-bound Hg due to interference with silicon (Si), which is present at
comparable levels to Hg within the carbon matrix. Wilcox et al. [72] investigated
the binding mechanism of Hg on brominated AC sorbents with a combination of
XPS and theoretical modeling. It was found that Hg exists in the oxidized forms
on brominated carbon surfaces, as shown in Figure 24.3.

Ab initio electronic structure investigations based on density functional the-
ory (DFT) have been conducted to elucidate the interaction of Hg with AC, using
simplified carbon models to represent AC. There have been a limited number
of theoretical investigations, and, to the authors’ knowledge, the effect of acid
flue-gas species on Hg-AC interactions has not been investigated. AC is very diffi-
cult to model given its highly inhomogeneous structure. Several initial theoretical
investigations have been conducted using cluster models to represent graphene,
ranging from single benzene rings [73] to multiple fused rings [74] with embedded
halogens as shown in Figure 24.4.

Carbon with Cl-containing functional groups exhibits enhanced Hg adsorption
capacity. Furthermore, the most stable Hg surface species was HgCl, while Hg and
HgCl, were found to be thermodynamically unstable on these simplified surfaces
of AC [74]. Theoretical calculations by Olson et al. [76] supported the role of acidic
sites on the AC in Hg capture. They hypothesized that HCl is energetically stable
at the cationic zigzag edge sites of AC and proposed three possible models of Hg
oxidation:

1) Hgcharge transfer complex forms on the cationic center of HCl on AC and is
subsequently attacked by CI-,

2) elemental Hg interacts simultaneously with the cationic HCI-AC site and Cl-,
or

3) oxidation by the dictation site formed by HCl and NO, on AC.

Olsen et al. [76] suggested that Hg has the propensity to be oxidized by donating
its electrons to a surface or another gas-phase molecule; therefore, in its elemental
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Figure 24.3 Hg 4f core level XPS spectra for activated carbon sorbents at various indicated conditions; (a—c) brominated AC sorbents
and (d) virgin AC sorbent [72]. (Reprinted with permission from (Wilcox et al., J Air & Waste Manag. Assoc., 61(4), 418, 2011). Copyright
(2011) Taylor & Francis.)
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Figure 24.4 Hg-benzene complex investi-  rings calculated at the B3LYP/LANL2DZ level
gated at the MP2/AVDZ level of theory (top) of theory (bottom) [75]. (reprinted with per-
[73] (reprinted with permission from (Steckel, mission from (Padak et al., Carbon, 47(12),
Chem. Phys. Lett., 409, 322, 2005). Copyright 2855, 2009). Copyright (2009) Elsevier.)
(2005) Elsevier.) and Hg-halogenated fused

state, Hg acts as a Lewis base with the desire to interact with an acidic site, thereby
forming a strong C—Hg covalent bond on the carbon surface.

More recent investigations have used plane-wave DFT to model AC, which
allows for the use of periodic systems such as a graphene. Graphene ribbons
with exposed edge sites have been used for investigations of the reactivity
of carbonaceous surfaces to various gas species [77]. Several investigations
support the zigzag carbene structure model, where the zigzag edge site acts as a
Lewis base and reacts with acid gas components thereby serving as a potential
adsorption site for oxidized Hg [77, 78]. A recent DFT study [79] on the effect
of chemical functional groups on Hg adsorption on carbon surfaces supports
this suggestion. The study indicates that an embedded halogen atom promotes
chemisorption on the neighboring site, which is consistent with experimental
results, and indicative of Hg oxidation. Results also indicate a varying effect
of organic groups on Hg adsorption, with lactone, carbonyl, and semiquinone
groups promoting Hg chemisorption while phenol and carboxyl functional
groups promote physisorption and reduce overall Hg capture. A mechanistic
study of Hg oxidation due to halides on carbon materials proposes that the
interactions of microcrystalline graphitic structures with halide ions result in the
withdrawal of electrons from the graphitic structure, producing a strong Lewis
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acid site [80], with Hg adsorption combined with the electron-transfer results in
Hg oxidation.

To date, little work has been conducted on the effect of Br on Hg-AC interac-
tions. Wilcox et al. [72] investigated the binding mechanism of Hg on brominated
AC sorbents with a combination of experimental work, as discussed previously,
and quantum-mechanical modeling using a nine-benzene-rings-wide graphene
ribbon. Consistent with Padak and Wilcox’s [75] results for Hg adsorption in the
presence of chlorine, it was found that HgBr species are more stable on the car-
bon surface than HgBr, species. Furthermore, DFT and density of states (DOSs)
calculations indicate that Hg is more stable when it is bound to the edge C atom
interacting with a single Br atom bound atop of Hg. However, while the form of Hg
adsorbed on the AC surface may be oxidized, the exact speciation of the adsorbed
Hg is remains in question. Furthermore, the Hg adsorption mechanism on the car-
bon surface and the effects of the flue-gas components are not well understood.
Additional work, including closely coupled experimental and theoretical investi-
gations, is required to determine the binding mechanism of Hg on AC sorbents in
various flue-gas environments and to further elucidate the adsorption mechanism
of Hg on AC.

2432
Mercury Adsorption on Precious Metals

In general, precious metal adsorption of Hg has been applied to Hg capture from
fuel gases of coal gasification processes as these metals, in contrast to carbon-
based sorbents, may withstand the high temperatures of gasification processes.
For gasification applications, the product is termed a fuel gas, and consists pri-
marily of H,, CO,, and CO, while in the case of traditional coal combustion, the
exhaust gas is termed a flue gas and is comprised primarily of N, and CO,.
Precious metals, including palladium (Pd), platinum (Pt), gold (Au), iridium (Ir),
and rhodium (Rh), have traditionally been used as modifiers for graphite-tube
atomic absorption or emission analysis of solid and liquid samples. Among them,
Pd has been identified as the best modifier for the adsorption of Hg [16]. In a study
carried out by Steckel [81], DFT is used to carry out electronic structure calcula-
tions on slab models representing the (001) and (111) surfaces of silver (Ag), Au,
copper (Cu), nickel (Ni), Pd, and Pt. Relatively strong binding for all of the met-
als was noted, with binding energies of ~1 eV for Pt and Pd. However, the DFT
method used appears to underestimate the adsorption energy when compared
directly to experimental results. Mercury has been predicted to have a stronger
bond with the (001) surface, where fourfold hollow sites exist, in contrast to the
threefold hollow sites on (111) surfaces. Aboud et al. [82] performed a DFT study
of Pd alloyed with small amounts Au, Ag, and Cu and found that doping of the
Pd surface increased the overall binding energy of Hg, which is beneficial for a
sorption process. Furthermore, the binding energy increased the most when the
dopants remained subsurface. In a continuation of the work, Sasmaz et al. [83]
showed that Pd is primarily responsible for interacting with Hg in both alloys and
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adsorption sites of PdM; binary alloys: (A)

overlays and that the interaction is a result of overlap between the s- and p-states
of Pd and the d-state of Hg. Figure 24.5 shows various adsorption sites of Hg on
binary alloys and overlays of Pd with other metals, M, such that M represents
either gold, silver, or copper.

Jain et al. [84] theoretically screened potential high-temperature metal sor-
bents for Hg capture in syngas streams. Using DFT predictions, the enthalpy of
amalgamation and oxidation for metals was evaluated to predict the capability
of Hg sorption and oxidation in the gas stream, demonstrating that Pd has the
highest amalgamation enthalpy of all metals. Figure 24.6 shows the Hg amalgam
formation enthalpy versus the binary oxide formation enthalpy to clarify the
tendency of various metals for amalgamation and oxidation. Metals above the
O, gas chemical potential line (i.e., dashed horizontal line) are estimated to form
oxides and metals to the right of the Hg gas chemical potential (i.e., dashed
vertical line) are estimated to form amalgams in the syngas stream. Metals
satisfying both criteria (i.e., Section (II) in Figure 24.6) were found to form oxides
rather than amalgams according to the grand canonical potential predictions.
An ideal metal, which amalgamates without oxidizing, is located in Section (IV)
of Figure 24.6. No metals are available in the most desirable area, but Pd is the
closest to the area, indicating that Pd is the most promising metal for Hg capture.
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tal and vertical lines represent the O, gas

Earlier experiments have validated the mechanisms of reactivity proposed by
theory. For example, Baltrus et al. [85, 86] showed some evidence of Hg amal-
gamation on Pd/Al,O;. Maximum Hg adsorption on Pd/Al,O5 occurs at 204 °C
and at low loadings of Pd (<8.5 wt% Pd). An interesting finding is that Hg adsorp-
tion is suppressed by an excess of As; however, H,S in fuel gas can improve this
imbalance by moderately inhibiting the As adsorption while enhancing the Hg
adsorption [86]. Poulston et al. [87] compared the Hg removal capacities of Pd
and Pt sorbents supported on alumina and found that Pd is superior to Pt sor-
bents for Hg removal. This trend is supported by Figure 24.5, which indicates that
Pt is located farther from the Section (IV) than Pd. The Hg removal capacity of
both Pd and Pt sorbents increase with metal loading but decreases with sorbent
temperature. Although most metal sorbent candidates exhibit poor capacities for
Hg at temperatures greater than 204 °C, Pd proves to be an attractive sorbent for
the Hg removal at elevated temperatures [16]. Fuel-gas substances that may affect
the Hg adsorption on metal sorbents may include moisture, H,S, CO, and H, [16].
Baldeck et al. [88] presented data on the use of Au traps for the quantitative fuel-
gas separation of Hg in the form of an amalgam of Au,Hg;. It was suggested that
Hg removal on Au is not affected by corrosive substances such as SO,, H,S, and
organic compounds that may be present in flue gas.
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Atomistic modeling efforts have resulted in important insight into the homoge-
neous and heterogeneous mercury chemistry in power plant flue gases. Future
work may focus upon the heterogeneous chemistry of mercury on common fly
ash metal oxides, the ductwork walls within the power plants, and the SCR cata-
lysts employed for reduction of NOx. Recent and past works [62, 89, 90] hint at a
possible important role for iodine and its compounds for promoting the oxidation
of mercury in flue gas. It is suggested that further work is merited on the halogens,
including both the heterogeneous chemistry on carbon, as well as the gas phase
chemistry involving chlorine, bromine, and iodine species.
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25
Predicting Hg Emissions Rates with Device-Level Models and
Reaction Mechanisms

Stephen Niksa and Balaji Krishnakumar

25.1
Introduction and Scope

At the turn of the past century, the American utility industry needed to
demonstrate which Hg control technologies could be immediately deployed
to comply with impending regulations on Hg emissions from coal-fired power
plants. This imperative was confounded by the large number of factors that
affected Hg emissions, because even Environmental Protection Agency’s (EPAs)
first Information Collection Request (ICR) testing program had shown that fuel
quality, the configuration of units in the gas cleaning system, and numerous gas
cleaning conditions affected Hg speciation; hence, the prospects for controlling
Hg emissions.

While the bulk of the R&D community was compiling a database of field
test measurements that covered the most common fuels, unit configurations,
cleaning conditions, and external Hg controls, a small group set out to develop
reaction mechanisms and models that could, first, quantitatively interpret
the field test database and, ultimately, predict Hg emissions for a particular
gas cleaning system as accurately as the Hg speciation could be monitored.
Statistical approaches based on regressions of various types of test data never
achieved the accuracy needed for strategic compliance planning [1-4]. But
some of the approaches based on reaction mechanisms did, and are now
being used by both utility companies and original equipment manufacturers to
forecast Hg emissions at individual plants and across regional fleets of power
stations.

Our collection of reaction mechanisms, called MercuRator ™ in its commercial
implementation, is the basis for this survey of reaction mechanisms that can
accurately predict Hg emissions across the entire domain of commercial gas
cleaning conditions. Over two dozen previously published articles [5] have
evaluated the quantitative accuracy of the model predictions for an assort-
ment of gas cleaning situations, to demonstrate the predictive capabilities. In
total, more than 200 field test datasets have been quantitatively interpreted,
usually within measurement uncertainties. Here we simply acknowledge that

Mercury Control: for Coal-Derived Gas Streams, First Edition.
Edited by Evan J. Granite, Henry W. Pennline and Constance Senior.
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MercuRator™ predicts Hg emissions within the measurement uncertainties
for any coal in any cleaning configuration across the commercial domain of
gas cleaning conditions and, on the basis of that performance, use the mech-
anisms to assess the most important factors in the practice of Hg emissions
control.

25.2
The Reaction System

Our scope covers the properties, compositions, quantities, and operating con-
ditions needed to predict Hg speciation and removals along full-scale flue gas
cleaning systems. Pilot-scale gas cleaning systems are also relevant, although the
primary reaction systems of interest are commercial. The most important consid-
eration is the distribution of Hg species at all points along the cleaning system; the
so-called Hg speciation. Hg vapors are grouped into two forms, elemental (Hg®)
and oxidized (Hg?*), while a single species, particulate Hg (Hg,), is bound to the
unburned carbon (UBC) in fly ash or to injected carbon sorbents. Speciation is
crucial to Hg emissions control because Hg?* is completely soluble in flue gas
desulfurization (FGD) scrubber solutions (neglecting any reemission of Hg® from
the FGD solution), whereas Hg? is completely insoluble, and Hg, isremoved in any
particle collection device (PCD) in proportion to the collection efficiency for UBC,
which usually approaches 100%. Consequently, in cleaning systems that effectively
capture Hg?* in wet flue gas desulfurization (WFGD) and Hg, in an electrostatic
precipitator (ESP) or fabric (or baghouse) filter (FF), nearly all the Hg leaving the
stack will be Hg®. But in systems without an FGD, the Hg stack emissions will be a
mixture of Hg® and Hg?* species. Contributions to the stack emissions from Hg,
are almost always negligible for plants with PCDs.

The power plant is first subdivided into a furnace and a gas cleaning system,
which are connected at the furnace exit plane upstream of the economizer (ECN).
The gas cleaning system is a continuous series of heat exchangers and air pollution
control devices (APCDs). Most systems move the flue gas through an ECN into a
selective catalytic reduction (SCR) unit, if present; through an air preheater (APH)
into a PCD, which is usually a cold-side electrostatic precipitator (ESPc) or FF or
mechanical or venturi particle scrubber; and on through a WFGD, if present, and
into the stack. One popular variation uses lime injected into a spray drier absorber
(SDA) to remove SOy followed by a FF to recover particulates. Another variation
locates the ESP immediately downstream of the ECN (hot-side electrostatic pre-
cipitator (ESPh)), and may or may not have a FF downstream of the APH. The gas
cleaning configuration is the sequence of units in the cleaning system. Ductwork
that connects these units is apportioned to the adjacent units.

The two forms of Hg control are inherent and external. Inherent controls
rely on the Hg transformations (and capture) within APCDs primarily devoted
to controlling other pollutants, such as an SCR for deNO, and WFGD and
SDA for deSOy. External Hg controls are technologies added to a power plant
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specifically to control Hg emissions. The most popular examples are (i) activated
carbon injection (ACI) with conventional or brominated carbon sorbents; (ii)
addition of halogenation agents to supplement the concentrations of either CI or
Br species in the flue gas; and (iii) additives to WFGDs to ensure that dissolved
Hg(II) species are not reemitted into the flue gas as Hg’. Numerous other control
strategies are being developed, including dedicated Hg oxidation units upstream
of WFGDs when no SCR is present and various non-carbon sorbents. These are
beyond the scope of this article because they are not yet commercially important.
Fuel preprocessing to reduce the Hg content, either with froth flotation or
density classification schemes or with thermal treatments, are also beyond
our scope on the assumption that the Hg content and composition of the fuel
fed into a furnace must always be known in advance to forecast the Hg stack
emissions.

We assume that flow through the ductwork and heat exchangers in a cleaning
system is fully developed and turbulent, so that the concentrations of all flue gas
species may be analyzed in a single spatial dimension or in the transit time. Mixing
is more important wherever sorbents or halogenation agents are injected into the
flow, although the applications community generally appreciates the importance
of uniform dispersion of Hg control agents over the flow duct area (notwithstand-
ing several early injector design issues). In contrast, the flows through the channels
in an SCR monolith are laminar, by design, as are the flows through the plate spac-
ings within ESPs.

Early analytical work established that the Hg speciation at equilibrium should
become dominated by sulfates in the condensed phase at PCD operating tem-
peratures, but these species have never been detected. Instead, measured Hg
speciation spans the full gamut from negligible to predominant Hg, at the
PCD, along with negligible to predominant levels of Hg® or Hg?*, depending
on numerous parametric factors. So equilibrium compositions are irrelevant
to Hg emissions prediction. Consequently, our analytical framework will be a
time-dependent analysis governed by the chemical reaction kinetics. Such an
analysis can only be implemented if supported by an assortment of operating
conditions, each specified as a function of the transit time. The most important
is the thermal history, which is the mean flue gas temperature as a function of
transit time. As seen subsequently, it consists of a series of quench stages for
each heat exchanger interrupted by isothermal stages for the SCR, PCD, and
WEGD. To incorporate realistic chemical reaction mechanisms, the flue gas
composition based on all major species (O,, H,O, CO,, N,) must be specified,
along with several key minor species concentrations (NO, SO,, SO, HCI, total
Br, and total Hg). The fly ash loading and its variation in transit time (due to the
variable gas density along the quench cycle) must be specified. The UBC level
in fly ash is estimated from a measured loss-on-ignition (LOI) level. The UBC
specific surface area, in square meters per gram, is also required. Note that the
total surface area (and activation) of UBC varies in transit time because the fly
ash loading changes, even while LOI and the specific surface area stay the same
as the fly ash moves through the cleaning system. Despite many claims to the
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contrary in older literature, the participation of any of the mineral phases in fly
ash in Hg transformations has never been demonstrated, so we regard UBC as
the only reaction substrate in the fly ash. Many other pertinent APCD-specific
operating conditions are introduced later, when the Hg transformations through
each unit are described.

25.3
Hg Transformations

The following four distinct stages of Hg transformations must be characterized:
in-furnace, in-flight, along SCR catalysts, and within WFGDs and SDAs. The
in-furnace transformations are rudimentary for Hg, but also cover several
much more subtle connections among the ways that pulverized fuels (p.f:s) are
injected into furnaces and subsequent Hg conversion throughout gas cleaning
systems. In-flight Hg transformations are determined by chemistry in the flue
gas stream as it moves through the heat exchangers, ductwork, and PCDs in a
cleaning system. The governing chemistry comes in two forms: heterogeneous Hg
chemistry occurs via the interaction of select flue gas species and reaction sites
on the suspended UBC and sorbent particles in the flow, and on UBC and sorbent
deposits on the walls of heat exchangers and, perhaps, ESPs. Homogeneous Hg
chemistry involves only gaseous species in the flue gas, with no participation
whatsoever by UBC, minerals, or deposits. Transformations along SCR catalysts
are restricted to the oxidation of Hg® into Hg?* on sites on the promoted V,0,
catalysts. However, this Hg® oxidation can only be described as an element of a
more comprehensive analysis that also describes simultaneous NO reduction,
due to essential aspects of a competitive adsorption among NH; and the species
associated with Hg? oxidation. The transformations within WFGDs determine
whether any of the aqueous Hg(II) species can be reemitted as Hg® into the flue
gas and thereby diminish the Hg removal across these units. Each form of the Hg
transformations is characterized in turn in succeeding sections.

25.3.1
In-Furnace Transformations

Here we restrict our attention to large utility furnaces fed with whole coals or
coal blends in the p.f. size grade. Stoker furnaces, fluidized bed combustors
(FBCs), and circulating fluidized bed combustors (CFBCs) are beyond our
scope. No chemistry needs to be described in detail within the furnace, because
essentially all the Hg and halogens in the fuel are released into the flue gas as
vapors, and none of the vapors are scavenged by molten minerals upstream
of the furnace exit. Even when pyrite — the densest mineral, by far, which is
usually present as extraneous particles — is recovered as bottom ash, it is first
heated sufficiently to release its Hg into the flue gas. Similarly, all the CI and
Br in the fuel are released into the flue gas at hundreds of degrees below the
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maximum flame temperatures. Chlorine may be incorporated into CaCl, within
molten mineral mixtures with certain low-rank coals and with certain subbitu-
minous/bituminous blends. But, even so, this is always a relatively minor phase
that usually sequesters only a small portion of the available Cl, except with some
low-rank fuels that have very little inherent Cl to begin with as well as favorable
mineral compositions.

On the basis of these observations, the initial condition for the kinetic analy-
sis is the equilibrium flue gas composition at the furnace exit gas temperature (of
approximately 1050 °C). To evaluate the equilibrium composition, a furnace stoi-
chiometry is first assigned to match a specified O, level in the flue gas at the ECN
or, more directly, from specified flow rates for fuel and all the air streams. Such
an equilibrium composition cannot accurately estimate the levels of NO, CO, or
SO; in the flue gas, because the NO and CO concentrations are determined by
extremely complex chemistry in the furnace. To circumvent an ambiguous anal-
ysis, we stipulate the NO concentration at the ECN as an input parameter. The
SO, concentration could also be specified as an input parameter but, because it
is usually unknown, we use a detailed reaction mechanism in 134 steps that also
accounts for heterogeneous production on the Fe-oxides in fly ash and across SCR
catalysts [6]. At the furnace exit, all coal-Hg will be present as Hg®. This equiva-
lence determines the total Hg inventory, which is the Hg concentration that all
measured speciation components must sum to, accounting for any Hg removed
in downstream APCDs. In practice, there are often very large discrepancies among
the estimates based on coal-Hg and summed measured speciation components,
because it is always difficult to recover fuel samples that actually represent the
fuel properties being converted while the Hg speciation data were recorded. The
Cl-species at the furnace exit are completely dominated by HCl, as the concentra-
tion of Cl-atoms is on the order of tens of parts per billion and that of Cl, is even
smaller. But when Br is added to the fuel as an aqueous spray, the concentration
of Br-atoms often exceeds that of HBr at the furnace exit, and a detailed homoge-
neous reaction mechanism is used to describe the Br speciation and its evolution
in transit time, as explained subsequently.

Despite the complete vaporization of Hg and halogens in the furnace, it is a
mistake to suppose that furnace firing configuration is irrelevant to Hg emissions
control, because firing configuration strongly affects the amounts and properties
of UBC suspended in the fly ash. Cyclone firing gives the greatest LOI but this
LOI is based on the minimum fly ash loadings, owing to the rejection of most
coal ash as bottom ash, and its UBC has the minimum specific surface areas [7].
Low-NOy burners in wall-fired units and low-NO, controls in T-fired furnaces
give more LOI than high-efficiency firing practices [8]. Coal quality is another
independent influence on both LOI levels and the specific surface areas of UBC.
LOI with low-rank fuels is usually well below 1 wt% of the fly ash, but becomes
markedly greater with bituminous coals and, especially, with low-volatility coals.
The specific surface area of the LOI from low-rank fuels is several times greater
than that with bituminous coals [9], because only bituminous coals melt during
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Figure 25.1 Visualization of LOI as a function of the fuel C-content and firing
configuration.

the initial stages of combustion and thereby lose most of their internal surface
areas.

This rather complicated situation is visualized in 3D in Figure 25.1, which plots
LOI for high-efficiency firing practices versus both the C-content of the fuel and
the firing configuration. For T- and wall-fired furnaces, the coal quality impact
dominates and LOI levels are markedly greater with low-volatility coals than bitu-
minous, and with bituminous than with low-rank coals. The coal quality impact
weakens for cyclone firing, although the absolute LOI levels are much greater
with this firing configuration than with the other two across the entire range of
coal quality. An analogous surface for low-NO firing practices would have much
greater LOI levels with bituminous and low-volatility coals for T- and wall firing,
but similar levels with low-rank coals in all firing configurations and with cyclone
firing throughout the range of coal quality. Therefore, the entire surface would
be similar except that the LOI with high-rank coals for T- and wall firing would
be greater. However, to gauge the impact of these variations on Hg transforma-
tions, we must also account for the variations in the specific surface areas. The
adjustment between LOI and total UBC surface area for coal quality is about a
factor of 7, so that 1 wt% LOI from a subbituminous has a comparable activity to
about 7 wt% LOI from a bituminous coal. Of course, LOI is referenced to the total
fly ash loading and low-rank coals generally have less mineral matter than high-
rank fuels and, therefore, generate less fly ash. But on the basis of equal levels of
UBC suspended in flue gas, the UBC from low-rank coals is several times more
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active than that from high-rank coals due, in part, to its much greater specific sur-
face area. These observations have great relevance for combustion-modification
techniques for enhancing the capture of mercury. We also suspect that the finely
dispersed alkali and alkaline earth cations on the UBC from low-rank coals also
enhance its chemical activity toward Hg, but this aspect has not yet been charac-
terized in the laboratory.

The impact of coal quality on halogen levels is much simpler. Chlorine is the
only significant halogen in the fuel, except in infrequent instances where the
Cl-contents in a handful of lignites were so small that the normally negligible
levels of coal-Br became relatively significant. In general, low-rank coals generate
HCI concentrations in flue gas from single-digit parts per million levels to
20 ppm; high-rank coals generate 25—150 ppm; while bituminous coals from
the Illinois Basin and from the United Kingdom generate substantially greater
concentrations. Aqueous solutions of calcium chlorides and bromides are some-
times sprayed on the fuel to compensate for any natural halogen deficiencies.
Perhaps the most important aspect of coal-Cl is its inordinate variability. The
testing literature contains instances where coal-Cl varied by as much as a factor
of 5 while all other coal properties remained the same during a month-long
testing campaign. These variations are completely independent of the primary
fuel properties, and can only be accounted for by monitoring coal-Cl on every
day of testing, and by running test-specific simulations.

The impact of coal quality and the inherent variability of coal-Hg are much
weaker. But the overriding consideration with coal-Hg is that total Hg concentra-
tions in flue gas, at 1—10 ppb, are always much too low to affect the concentrations
of any other species; in other words, even complete conversion of total Hg leaves
the concentrations of all other species unchanged. Of course, coal-Hg and the
total Hg concentration in flue gas are scales for the emissions rates and stack Hg
concentrations, which are obviously important. But Hg’s impact on the process
chemistry is severely restricted by its very low absolute concentration. The impor-
tant implication is that all surface coverages associated with Hg species must be
miniscule in the steady state; otherwise, the relaxation times to reach steady states
will be incompatible with the reported rapid response times to step changes in the
gas cleaning conditions, such as CI concentrations.

253.2
In-Flight Transformations

At the furnace exit, the whole flue gas composition has been specified, including
the levels of Hgo, HCI, HBr, and Br-atoms. The loading and total surface area of
UBC in suspension have also been specified. Nearly all the most reactive sites on
the UBC have been oxidized but are otherwise accessible. We are now ready to
progress forward into the cleaning system, first, to complete the specification of
the cleaning conditions and, second, to describe the in-flight Hg transformations.

Regardless of the APCDs in any gas cleaning system, one primary imperative is
to extract as much heat as possible from the flue gas before it reaches the stack.
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From the furnace exit to the ECN inlet, superheaters reduce the temperature from
1050 to 750 °C in about 1, and the ECN cools it to 375 °C in 0.5s. SCRs operate
near-isothermally at 340—390 °C with residence times from 1 to 3 s. The APH then
quenches the stream to PCD operating temperatures which, for ESPs, vary from
140 to 180 °C with residence times to 15s and, for FFs, from 120 to 140 °C with
times to several seconds. SDAs operate at ESP temperatures, whereas WFGDs
operate from 40 to 60 °C. Stack temperatures are usually around 80 °C. A typical
thermal history for a cleaning system with only ESPc appears in Figure 25.2. This
history is consistent with measured temperatures along several full-scale clean-
ing systems, although thermal histories for many systems often exhibit large and
usually uncharacterized deviations from any baseline thermal history because of
differences in the lengths of ductwork and unit sizes. One way to account for
these variations is to include detailed specifications on the ductwork in the input
requirements. A much less cumbersome way is to adjust the thermal history to
match predicted Hg speciation to measured values recorded for baseline operating

1.0
0.8
&1@ 1
2 06
o |
%Y, 0.4
£ |
0.2
0.0 i
> |
Q 0.2 1
« HgP
s 0% g
S o064 TNl el
T 1 Seel T StCI(s)
0.8
1.0 ] + } + } + } + } + f
® 1000 -
o
5 800 -
®
o 600 -
£
3 400 -
g 200 -
O 0 SuP ECN APH ESPc
0 1 2 3 4 5
Transit time (s)
Figure 25.2 MercuRator™ predictions bituminous coal that released 17, 34, and
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conditions; that is, use the intermediate temperatures in the thermal history to cal-
ibrate the analysis to a subject cleaning system. Thermal histories also need to be
adjusted as the furnace load is regulated, to account for the longer transit times
and cooler operating temperatures under reduced load operation.

These aspects of the thermal history along a cleaning system are important, but
the paramount implication from the thermal history in Figure 25.2 reflects the
extents of the changes in both temperature and transit time. No process in nature
could possibly sustain the same rate-limiting step over such a broad range of tem-
perature; therefore, any proposed reaction mechanism for in-flight Hg transfor-
mations must depict several dramatic shifts among the main conversion channels,
and these shifts must occur on time scales of only a few seconds. Failure to recog-
nize this essential characteristic of all gas cleaning systems is the main reason that
the bulk of testing at laboratory scale is irrelevant to the Hg transformations in
commercial cleaning systems. Isothermal laboratory-scale tests can only, at best,
be relevant for an instant in the time-temperature pathway of a coal-fired power
plant.

Our mechanism for in-flight transformations with only Cl-species has three
broad stages, two of which are illustrated in Figure 25.2, and several shifts in the
rate-limiting process. In the first stage, the reaction sites on UBC are chlorinated,
thereby generating the sites for subsequent Hg chemistry. Such chlorination has
never been monitored on coal-derived UBC, but carbon from other sources is
known to readily absorb Cl from the gas phase, especially at superheater and ECN
operating temperatures [10]. As seen in Table 25.1, we represent this stage as
an adsorption equilibrium that balances HCl adsorption, heterogeneous Cl atom
recombination, and a hydration reaction. Such a simple adsorption scheme omits
the competitive adsorption by S- and N-species, not because they are truly negli-
gible. Rather, these competitions are omitted because the UBC in cleaning systems
will always be heavily sulfated and nitrated, so explicitly resolving this competi-
tion would add adjustable parameters without improving the fidelity of the surface
coverage of the chlorinated sites, which is crucial.

Table 25.1 Heterogeneous Hg conversion mechanism for Cl species on carbon.

Chlorination®

StSA(s) + HCl — StCl(s) + H Chlorination

StCl(s) + Cl — Cl, + StSA(s) Heterogeneous Cl-atom recombination
StCl(s) + H,O — HCl 4+ OH + StSA(s) Hydration

Hg conversion

StCl(s) + Hg® — StHgCl(s) Hg® adsorption

StHgCl(s) + HCl — StSA(s) + HgCl, + H Oxidation with desorption

StHgCl(s) — StSA(s) + HgCl Desorption

StCl(s) + HgCl, — StHgCl(s) + Cl, Back adsorption

a) Converts open sites (StSA(s)) into chlorinated sites (StClI(s)).

421



422

25 Predicting Hg Emissions Rates with Device-Level Models and Reaction Mechanisms

The second stage describes the Hg transformations on the chlorinated sites.
Hg adsorption is restricted to the chlorinated sites, because X-ray photoemission
spectroscopy (XPS) analysis indicates the presence of Hg—Cl-C bonds on UBC
sampled from flue gas [11]. The surface intermediate StHgClI(s) is either chlori-
nated further and released as HgCl, or released as HgCl to be fully oxidized in
the gas phase. While these two steps are global processes in our mechanism, this
stage has been resolved in detail by Olsen and coworkers, as described elsewhere
in this volume. Hg?* can also back adsorb onto a chlorinated site on UBC.

The shifts in rate-limiting steps are evident in Figure 25.2 as shifts in the Hg spe-
ciation. UBC chlorination dominates through the superheaters and into the ECN.
As the appearance of Hg?* without any Hg, signals the first Hg transformations,
the conversion rate is initially adsorption controlled, as expected at high tempera-
tures. Further along the quench cycle, Hg,, appears as evidence of a more balanced
conversion under chemical reaction control. Within the APH and into the ESPc,
Hg, continues to accumulate while both vapor species diminish, which signals
desorption control. Further into the ESPc, essentially all chlorinated surface area
on UBC is removed from the flue gas (although only the maximum accumulation
of Hg, is shown in Figure 25.2) which, along with the low temperature, terminates
the Hg transformation chemistry. The time to remove sufficient chlorinated car-
bon surface from the flue gas to quench Hg chemistry is a small fraction of the
total transit time through an ESPc, because most fly ash is recovered in the first
and second upstream fields.

The tendency for progressively greater Cl concentrations is also shown in
Figure 25.2. Greater Cl levels shift the Cl adsorption equilibrium toward larger
populations of chlorinated sites on UBC, which promotes faster Hg® oxidation
at high temperature but the same accumulation of Hg, at low temperature, due
to the slower adsorption of Hg?" compared to Hg’. Consequently, the same Hg
is removed in the ESPc, and there is substantially less Hg? in the stack emissions.
The tendency for progressively greater LOI levels would be completely analogous
for the vapor species, and more LOI would also enhance Hg, provided that the
flue gas contained sufficient Cl to actually expand the population of chlorinated
sites.

This same reaction mechanism describes the markedly enhanced Hg removals
for ACI with untreated and brominated carbons with three important differences,
two of which are seen in Figure 25.3. The first is that carbon sorbents have surface
areas from 500 to 1200 m? g~!, which are 2—40 times greater than UBC specific
surface areas. The second difference is that the chlorination stage is shifted to
much cooler temperatures because ACI is usually positioned immediately down-
stream or, less frequently, immediately upstream of the APH. As this location
is hundreds of degrees cooler than where inherent UBC is chlorinated, we were
surprised to see that our chlorination mechanism remained accurate in ACI appli-
cations after only very small adjustments to the rate constants. If the sorbent is
halogenated before injection, then the chlorination step is simply omitted alto-
gether. The third difference is that progressively greater ACI concentrations gen-
erate much more Hg,, at the expense of both Hg” and Hg?*. In general, the back
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Figure 25.3 MercuRator™ Hg speciation for untreated ACI at 3, 6, and 9 Ib/MMacf for 7%
LOI from a bituminous coal that released 17 ppm HCl in an ESPc-only cleaning system.

adsorption of Hg** onto vacant sites tends to be much more important with sor-
bent than with inherent UBC, simply because the vacant site population is almost
always much greater in ACI applications. For this same reason, Cl availability often
limits the asymptotic, ultimate removal for even the largest ACI concentrations
when applied with low-rank fuels. The asymptotic removals with high-Cl, high-
rank fuels tend to approach 95%, where the difference with complete removal is
thought to reflect imperfect particle dispersion (mixing of the sorbent) in tur-
bulent flow fields. But asymptotic removals are often no greater than 65-75%
with low-rank fuels, because Cl availability limits the size of the population of
chlorinated sites. Under these circumstances, further increases in the ACI con-
centration simply redistributes the same population of chlorinated sites among a
larger number of sorbent particles, without increasing the population size.
Another potentially critical limitation of ACI performance is described by the
third stage of our in-flight mechanism, inhibition by SO,. During gas quenching,
whenever the local flue gas temperature cools below the SO; dew point, sufficient
H,SO, — the product of SO; hydration — condenses onto any accessible surface
to equalize the dew point to the local temperature. According to our analysis [6],
the surface area of all fly ash, not just UBC, participates in the condensation. The
portion that condenses onto sites on both UBC and carbon sorbents inhibits het-
erogeneous Hg conversion chemistry. The loss of activity is determined by the
condensation of H,SO, onto the population of sites that can potentially be chlori-
nated on the basis of the total surface area. Once covered by H,SO,, these sites no
longer participate in any Hg conversion chemistry. SO5 condensation first dimin-
ishes the population of chlorinated sites (just as a lower ACI concentration would)
which, in turn, is responsible for less Hg ; hence, lower Hg removals, as seen in
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Figure 25.4 MercuRator™ Hg speciation for untreated ACl at 6 lb/MMacf for 7% LOI from
a bituminous coal that released 17 ppm HCl in an ESPc-only cleaning system that generated
9.5, 27, and 32 ppm SO;.

Figure 25.4. Temperatures from the back-end of the APH into the PCD are criti-
cal, because Hg removals can be cut in half by this form of inhibition. Accordingly,
either ACI is not recommended with high-S fuels, or high sulfur trioxide levels are
mitigated possibly through alkaline sorbents or additives.

When a cleaning system uses ESPh instead of ESPc, Hg removals will be
markedly lower because an ESPh operates at temperatures well above the onset of
Hg, production; that is, before the mechanism starts shifting toward desorption
control. If it uses FF instead of an ESPc, then all Hg transformations upstream
of the FF remain the same, but the behavior within the FF is dramatically
different, as seen in Figure 25.5. Very little chemistry occurs during the several
seconds needed to transport the flue gas into the filtercake on the filter bags. But
immediately after the flue gas contacts the filtercake, there are step changes in the
levels of Hg,, and Hg?*, with complete elimination of Hg® (via enhanced gas-solid
contact between flue gas and the sorbent due to formation of a packed bed-type
configuration). The exorbitant surface area of the filtercake is responsible for the
near-critical behavior because, on a volumetric basis, the surface area of UBC in
a filtercake is five orders of magnitude greater than the surface area of suspended
UBC in flue gas for a case with 5wt% LOI from a coal with 10% ash. Preliminary
analysis showed that the Hg conversion chemistry is confined to a relatively
thin outer layer of the filtercake, across which the Hg speciation relaxed to the
composition for an adsorption equilibrium. Because the layer is relatively thin, it
is not necessary to resolve the extent of Hg conversion through the filtercake; we
simply evaluate the Hg speciation for adsorption equilibrium. The equilibrium
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Figure 25.5 MercuRator™ Hg speciation for 7% LOI from a bituminous coal that released
17, 34, and 64 ppm HCl in a FF-only cleaning system.

speciation is not necessarily dominated by Hg,, because the levels of Cl and
carbon surface area determine the proportions of Hg’, Hg?*, and Hg,. As seen in
Figure 25.5, progressively more Cl shifts the equilibrium speciation toward Hg?*
at the expense of Hg, while Hg” is always miniscule.

According to our interpretation, in-flight Hg transformations with ClI species
are determined by only the heterogeneous reaction mechanism. This is because
the extremely low concentrations of Cl atoms and Cl, under commercial gas
cleaning conditions cannot drive the two-step, autocatalytic cycle whereby
Cl-atoms partially oxidize Hg® into HgCl which, in turn, is fully oxidized into
HgCl, by ClI, to restore the original Cl atom [12]. Even in homogeneous Hg
oxidation mechanisms with somewhat different primary conversion channels,
the extent of homogeneous Hg oxidation is negligible compared with measured
values under commercial cleaning conditions.

However, in-flight Hg transformations with Br species must be attributed
to both homogeneous and heterogeneous reaction mechanisms. As seen in
Figure 25.6, simulations with only a homogeneous Hg/Br reaction mechanism
[13] demonstrate one of the most distinctive features of Hg oxidation by Br
species. For a typical thermal history along a gas cleaning system and with
9.4 ppm Br in flue gas, the predicted extent of Hg oxidation approaches 70%.
In contrast, the comparable performance with 20 ppm HCI is no Hg oxidation
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Figure 25.6 (a) Solid curve: typical ther- Hg oxidation with 9.4 ppm Br in flue gas.
mal history for a gas cleaning system (b) Solid curves: Hg vapor speciation and
whose only APCD is an ESPc and (dashed (dashed curves) Br speciation for the same
curve) predicted extent of homogeneous conditions.

whatsoever. Homogeneous Hg oxidation by Br begins to produce HgBr, as the
flue gas cools below 500 °C and accelerates sharply when the temperature cools
below 300 °C. At higher temperatures, the instability of an HgBr intermediate
fails to sustain HgBr, production.

At the furnace exit, Br atoms are present in concentrations that are comparable
to HBr levels, in marked contrast to the much lower concentrations of Cl atoms
at these conditions. The primary reason that Br is a much more effective Hg oxi-
dizer than Cl is that HBr dissociates into the most reactive atomic species much
more extensively than HCI at typical post-flame conditions. As flue gas moves
further into the gas cleaning system, Br atoms rapidly recombine through the
back-end heat exchangers, first, into HBr, then, into Br,, so that the HBr concen-
tration plateaus at 600 °C and the Br, concentration plateaus at 160 °C. As the flue
gas cools in the APH and further downstream, the HgBr, concentration surges.
HgCl, is not produced because homogeneous Hg oxidation by Cl species is too
slow under these conditions. All these species approach ultimate steady concen-
trations in the ESPc because of the low temperatures.

To account for the impact of variations in UBC levels on Hg transformations
by Br species, we supplement the homogeneous reaction mechanism with a
heterogeneous mechanism that is completely analogous to the heterogeneous
mechanism for Cl species in Table 25.1 [13]. The key difference between the
contributions from the in-flight mechanisms on UBC for Br and Cl species
is that the much higher concentration of Br atoms promotes heterogeneous
recombination into Br,. This process maintains much smaller populations of
brominated sites on the UBC than the chlorinated sites. Consequently, the
contribution of heterogeneous in-flight chemistry with Br species is smaller,
and much lower levels of Hg, form at the lowest temperatures of interest. This
prediction is consistent with several field test results in which Br addition strongly
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enhanced Hg?* levels but left Hg, levels unchanged. Unfortunately, contradictory
findings have also been reported, which are compounded by as-yet unresolved
interferences in semi-continuous emissions monitor (SCEM) detectors by Br
species. We currently expect Br addition to promote substantial homogeneous
Hg® oxidation through the ECN and upstream of an SCR with little effect on
Hg, levels, because of the heterogeneous recombination of Br atoms into Br,.
However, such observations must remain tentative until the measurement issues
are rectified.

In a similar manner, brominated carbon sorbents are analyzed with the anal-
ogous heterogeneous mechanism for Br species, without any bromination stage,
and with minimal contributions from homogeneous Hg/Br chemistry, because of
the low gas temperatures at ACI locations.

2533
Hg® Oxidation across SCR Catalysts

The oxidation of Hg® across the promoted V,O; catalysts on SCR monoliths is
completely independent of its in-flight oxidation on UBC. In fact, the catalytic
oxidation channel often provides the fastest means to oxidize Hg’, especially in
the presence of Br species, which may seem surprising because no SCR has yet
been designed or optimized to oxidize Hg®. Extents of Hg? oxidation of 90% or
more are routinely recorded in full-scale field tests [14], provided that the flue gas
contains abundant Cl- or Br-species and that the SCR provides sufficient reactiv-
ity, favorable mass transport rates, and ample residence time for the chemistry to
proceed to near completion. When these conditions are satisfied, SCR/ESP/FGD
combinations are the technology of choice for Hg control because they require
no special operating procedures or reagents to lower Hg emissions, except when
Br- and Cl-species are injected to counteract the inherent halogen deficiencies in
low-rank coals.

Our first reaction mechanism for catalytic oxidation described simultaneous
NO reduction and Hg® oxidation in terms of lumped catalyst reactivities that
resolved film transport of reactants onto the external catalyst channel wall from
an overall chemical reactivity [15]. The key features were a competition between
NH, and HCl for surface sites, and an Hg® oxidation reaction on chlorinated cat-
alyst sites. This competitive adsorption subdivides the catalyst into two stages. An
entry stage sustains NO reduction with high concentrations of adsorbed NH;, but
the population of chlorinated sites remains very small as long as the HCI concen-
tration is much lower than the NH; concentration. This small population oxidizes
small proportions of the Hg’. Once the NH, has been consumed, a trailing stage
is chlorinated much more extensively and thereby able to rapidly oxidize Hg’.
This mechanism interpreted extents of Hg® oxidation by Cl species in laboratory-,
pilot-, and full-scale SCR units for the complete domain of utility gas cleaning con-
ditions, and was recently expanded for oxidation by Br-species [16]. The strong
coupling between NO reduction and Hg® oxidation via competitive adsorption of
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NH; and HCI was also independently validated with an extensive series of labo-
ratory tests [17].

Additional modeling work expanded the original lumped analysis in two ways
into a legitimate multipollutant analysis [18]. First, simultaneous SO, oxidation
was incorporated and, second, the analysis resolves internal pore diffusion across
the catalyst wall thickness from the intrinsic reactivity of adsorbed species on the
catalyst surface with a conventional Thiele analysis, to directly relate catalyst mor-
phology and composition to the multipollutant performance of the SCR reactor.
Consequently, the analysis directly relates factors that can be manipulated in the
design of SCRs — the size and shape of monolith channels, the composition, and
pore size characteristics of the catalyst layer, and the temperature — to the multi-
pollutant performance for specified ranges of flue gas composition and flow rate. It
is especially well suited to predicting the performance of a particular SCR across
broad domains of flue gas conditions for current and foreseen specifications on
fuel quality and furnace firing conditions, and also to optimize SCR design param-
eters to meet specifications on Hg® oxidation with new and replacement SCR
catalysts. The goal is to enable plant operators to take better advantage of fuel
switching opportunities by calling for additives or operational adjustments that
will enhance Hg removals while maintaining high NO, removals and acceptable
SO, levels.

The NO reduction mechanism was developed and fully validated for commer-
cial SCR catalysts by Tronconi and coworkers [19], based on submechanisms for
film transport, an Ely-Rideal (ER) reaction mechanism with NH; chemisorption
(gas phase NO reacting with adsorbed NH,;), and pore diffusion. Similarly, the
SO, oxidation mechanism was also adapted from Tronconi’s work [20], albeit with
no mediation by any transport phenomena. Our original mechanism for catalytic
HgP oxidation has been incorporated into this validated framework to account for
the mediation of competitive HCl and NH, adsorption by pore diffusion. A simple
premise connects NO and SO, conversion to the Hg® oxidation behavior on SCRs:
That HC, HBr, and Br, compete for surface sites with NH;, and that Hg? contacts
these halogenated sites either from the gas phase or as a weakly adsorbed species.
On the assumption that the competitive adsorption coverages are independent,
the rate expression for adsorbed Hg oxidation is given by

Cl k. K' + Br k. K’
g = Mgy G5Ot + P hyy G Oy, = | —o—d & | o8

Hg~H Hg ~Hg ~Br
8 8 g g 1+HK]:H CI:IS'H
NH3 3

As the surface coverages of the halide species are independent, the net rate is the
sum of independent contributions from Cl and Br, and the original mathematical
form of the analysis of only Cl species can be retained. The effective rate constants
on the right contain the concentrations of HCI, HBr, and Br,, which are uniform
across the SCR in the steady state.

The common characteristics among the reactivities for NO reduction, SO, oxi-
dation, and Hg® oxidation are that (i) NH, strongly inhibits all three processes and
(ii) all rates are directly proportional to the concentrations of the primary reactant.



25.3  Hg Transformations

Otherwise, SO, oxidation is weakly promoted by NO and O,, and weakly inhib-
ited by moisture, whereas Hg® oxidizes in proportion to the surface coverages of
halide species supplied via adsorption of the halogen vapors. These coverages vary
along the catalyst length even while the concentrations of halogen vapors remain
uniform because they are not consumed in any chemical process other than Hg®
oxidation, and the Hg® concentration is orders of magnitude smaller than all other
reactant concentrations. Several analytical solutions were integrated into the anal-
ysis to avoid a computationally expensive 2D simulation along and into the catalyst
wall, as elaborated elsewhere [18].

According to both of our analyses, the various SCR design specifications and
operating conditions can be understood in terms of how they affect the lengths
of the two stages for NO reduction and for the oxidation of Hg” and SO,. Fac-
tors that accelerate the transport rates of reactants onto the catalyst walls, such as
smaller channel pitches and converting from square to circular channels, shorten
the length of the NO reduction stage and thereby promote Hg? oxidation. Factors
that enhance surface halogenation, such as higher inlet halogen concentrations
and lower NH,/NO ratios, also promote Hg® oxidation. Br species dramatically
accelerate Hg? oxidation rates on some catalysts by as much as a factor of 40 com-
pared to the rates for Cl species [16]. The design analysis also showed that shifting
the pore size distribution toward macropores in a final catalyst layer appears to
be an effective means to directly enhance Hg® oxidation. According to our calcu-
lations, this strategy will not increase NHj slip, because it raises the effectiveness
factor for NO reduction, nor will it increase the extent of SO, oxidation by a signif-
icant amount, because transport effects are negligible in SO, oxidation. But it does
have the potential to significantly enhance extents of Hg® oxidation, all other SCR
operating conditions being the same. Most of these benefits were realized in the
increase in macroporosity from 5% to only about 15%, which makes this strategy
potentially easier to implement. Increases in the micropore size also enhance Hg?
oxidation, presumably due to the associated increases in the effective diffusivity
of Hg, but the impact is not nearly as large as that for increases in macroporosity.

Perhaps the most important result is that SCR design specifications and oper-
ating conditions are at least as important as the halogen concentrations, simply
because the domain of these specifications across the industry is enormous. Our
database on Hg? oxidation across full-scale SCRs covers temperatures from 335
to 395 °C; gas hourly space velocity (GHSV) from 1800 to 4700h~!; HCI con-
centrations from 1 to 130 ppm; Br concentrations from 0 to 50 ppm; inlet NO
concentrations from 280 to 900 ppm; and NO reduction efficiencies (or NH;/NO
ratios) from O (for out-of-service SCRs) to 0.95. SCRs from four catalyst vendors
represent plate-monoliths with pitches to 11 mm and honeycomb monoliths with
square and triangular channels of pitches to 10 mm. As seen in Figure 25.7, the
predictions from the lumped analysis are generally within 10% of the measured
values for all cases except EES8U13, even though the measured extents of Hg’
oxidation vary from 20% to more than 90%. Such performance could not possibly
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Figure 25.7 Evaluation of extents of Hg® oxidation across various full-scale SCRs from
MercuRator™ (solid) with measured values representing four catalyst vendors (gray).

be achieved unless the impact of the operating conditions and design specifica-
tions was accurately described, in conjunction with the appropriate dependencies
on the halogen concentrations.

2534
Hg Transformations within WFGDs

The Hg field-testing literature shows that WFGDs usually capture at least 90% of
the Hg?* in flue gas, but virtually none of the Hg?, because Hg® is insoluble in
aqueous solutions. However, several full- and bench-scale tests have documented
Hg reemission whereby the Hg? concentration at the FGD exit is greater than that
at the inlet, suggesting that some of the Hg(II) in the scrubber solution must be
reduced and reemitted as Hg? vapor. Hg reemissions have also been observed in
natural waters and atmospheric cloud and rain-water cycles [21-23], where S(IV)
species promote the reduction of Hg?*. Bench-scale studies under well-controlled
scrubbing conditions showed that Cl~ and O, suppress reemission, whereas Ca**
and Mg?* species promote it.

We recently developed a quantitative analysis that identifies and rank-orders the
factors involved in Hg reemission during wet FGD scrubbing, to support efforts
to mitigate Hg reemission from full-scale, commercial wet FGDs. To simulate
Hg transformations WEGD scrubbers, one must first model SO, absorption to
describe the major solution species (S, Ca, Cl) and their variations with FGD oper-
ating conditions (L/G, droplet diameter, T). The conventional simulation strategy
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builds numerous equilibrium constraints into a mass transport analysis of the
exchange of species from the flue gas into the spray droplets along an absorber
tower, with simultaneous limestone dissolution and sulfite oxidation within slurry
droplets. Given the absorber temperature and the inlet compositions of flue gas
and slurry, the conventional FGD analysis predicts the correct pH and reasonable
SO, absorption rates along the absorber. It also depicts realistic tendencies for
variations in the inlet SO, level, and identifies distinctive conditions where ele-
vated HCl levels will reduce SO, removal efficiencies by 5—10%, and greater SO,
removal for smaller slurry droplets, all else the same.

While the conventional FGD analysis relates gross FGD operating conditions to
SO, absorption efficiencies, it is unsuitable for trace metal transformations, espe-
cially for Hg reemission. The reason is that conventional formulations implicitly
assume that all oxygen is consumed in sulfite oxidation at the liquid interface on a
slurry droplet, and evaluate the rate of sulfite oxidation as an average based on bulk
liquid concentrations. The requisite analysis for Hg?* chemistry and, presumably,
other trace metal transformations must automatically shift the redox potential
of bulk liquid in the spray from oxidizing to reducing through a balance among
the finite-rate reagent fluxes that participate in sulfite oxidation. Our SO, cap-
ture analysis allows oxygen to penetrate through the liquid film and accumulate
in the bulk liquid if its concentration exceeds the stoichiometric requirement for
bisulfate oxidation. We also propose a finite-rate reaction for Hg(II) reduction that
depends on temperature, pH, and S(IV) species which, in the absence of sufficient
oxygen, promote Hg(II) reduction to Hg® vapor.

The computerized implementation covers the process chemistry occurring in
both a counterflow absorber and slurry holding tank [24]. The tank analysis deter-
mines the required limestone feed rate for a given tank residence time distribution
(RTD) and the solids size distribution into the spray nozzles within the absorber.
It also determines how much liquid must be extracted to maintain a target Cl
concentration in the tank. The absorber analysis determines the SO, capture and
the compositions of liquid and solids that return into the holding tank. Given the
absorber temperature and the inlet compositions of flue gas and slurry, the anal-
ysis predicts the SO, capture efficiency, complete slurry composition and flue gas
composition, slurry pH, the quantitative enhancement of mass transfer by acid
dissociations in the slurry, and the relative contributions of liquid and gas resis-
tances to the overall mass transfer rate. All quantities are resolved as functions of
distance along the absorber axis.

For the operating conditions and bulk species concentrations reported for a full-
scale limestone WFGD, the analysis correctly predicts that SO, was continuously
removed along the length of the absorber, whereas most of the Hg was removed
in the lower section at a much greater efficiency than SO, removal, owing to the
high aqueous solubility of HgCl, . For the baseline case with 20% Hg?, the predicted
reemission gradually increased to 20%, and the total Hg removal reached only 65%.

According to the analysis, aqueous Hg species segregate into two groups,
Hg-Cl species and Hg—S(IV) species. How variations in the scrubber operating
conditions shift the proportions of these two groups is critical, because only the
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Figure 25.8 Effect of bulk liquid (a) S(IV) and (b) slurry CI~ concentrations on total Hg
removal (left y-axis) and percentage Hg reemission (right y-axis).

Hg—S(IV) species can be reduced and subsequently reemitted as Hg® back into
the flue gas. The two most important factors are shown in Figure 25.8, which
shows the total Hg removals and extents of Hg’ reemission for concentration
ranges of S(IV) and CI~ species. As the S(IV) concentration was increased from
approximately 3.5 to 6.5mM, the Hg removal decreased from 72 to 62% with
an increase in Hg reemission by a similar percentage. For a twofold increase in
S(IV) concentrations, the Hg—S(IV) fraction in the solution at the absorber exit
increased from 14 to 36% with a corresponding decrease in Hg—Cl levels. The
predicted Hg reemission therefore linearly tracks the Hg—S(IV) levels. Con-
versely, for progressively greater Cl~ in solution, the Hg(II) species preferentially
partition into Hg—Cl complexes that reduce reemission, which is consistent with
the observations in bench- and pilot-scale experiments. As the Cl~ concentration
was increased from 0.5 to 0.68 kmolm=3, the Hg—Cl ions increased from 66
to 84% with a corresponding decrease in Hg—S(IV) complexes. The change in
CI~ did not affect Hg?* absorption as it was in excess of 99% in all cases. The
increased partitioning of Hg(II) into Hg—Cl complexes decreased reemission by
11% and increased the Hg removal from 62 to 72%.

Most additives to control Hg reemission from scrubbers, such as Na,S,, TMT-
15™, and NaHS, release S(II) ions in the slurry and precipitate Hg as HgS(s). We
examined the addition of small amounts of S(II) into the base case scrubber solu-
tion and simulated Hg capture. Even at 1 pM concentrations of the additive, all the
Hg(II) precipitated as HgS(s), which establishes the maximum Hg?* concentration
in the solution as only 10733, According to our simulations with 80% HgCl, in the
flue gas, essentially all Hg(II) was retained in the solid phase. These predictions
are consistent with the B&W tests at Endicott station [25], where the addition of
NaHS almost completely suppressed Hg reemission and the extent of reemission
did not bear any relation to the additive feed rate. We also simulated the addition of
S(II) under oxidizing conditions where the pH was increased to 6.5 and the S(IV)
concentration was reduced to the point where oxygen was in excess, to character-
ize lime-based WFGDs. Under such conditions, equilibrium shifts the added S(II)
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species to their oxidized forms, which prevents any precipitation of HgS solids.
This is consistent with B&W tests at the Mg/lime WFGD at Zimmer station [25],
where adding NaHS did not improve the baseline Hg-T capture efficiency even at
high additive feed rates.

At this point in its development, our FGD scrubbing analysis predicts reason-
able extents of Hg removals and Hg reemission under realistic FGD operating
conditions, without any parameter adjustments. Most Hg?* in flue gas is cap-
tured near the flue gas inlet at the bottom of the absorber, but Hg reemission can
occur along the entire absorber at a rate that accelerates slightly along the upper
elevations. Predicted Hg removals are insensitive to droplet diameter, whereas
smaller slurry droplets reemit more Hg because they sustain faster absorption of
all the reagent gases involved in Hg(II) reduction. The total S(IV) species con-
centration in the slurry promotes reemission; conversely, the analysis correctly
predicts less reemission for greater C1~ concentrations in the slurry, in accord with
awell-established tendency. Simulations with added S(II) species, as released from
commercial additives to suppress Hg reemission, correctly gave complete precip-
itation of Hg(II) as HgS(s). These predictions are consistent with full-scale field
tests where the addition of NaHS almost completely suppressed Hg reemission
and the extent of reemission did not bear any relation to the additive feed rate.

254
Summary

Collectively, the reaction mechanisms described in this chapter cover all the most
common fuels, firing configurations, and gas cleaning configurations, and enable
accurate estimates for Hg emissions rates from virtually any commercial power
plant. Such estimates are the most expedient and economical means to evalu-
ate potential Hg control technologies, both inherent and external. The fact is that
even many individual power plants and, certainly, regional utility operations use
so many fuel types that testing all of them becomes a practical impossibility. And
such variations will only expand in the foreseeable future as operators develop
strategies to comply with new regulations and new fuel sources open up.

Beyond the predictive capabilities resting upon these mechanisms, this level of
analysis has clearly exposed the determining factors for Hg emissions. In-flight Hg
transformations are determined by halogen concentrations, the halogenated sur-
face area on UBC and carbon sorbents, the type of PCD, and, in ACI applications,
the ACI concentration. Unless halogens are added to compensate for low inherent
coal-Cl, the enormous inherent variability of coal-Cl levels is a primary consider-
ation, and this variability can only be established by measurements because it is
completely independent of all other coal properties. Chlorinated surface areas on
UBC reflect the furnace firing configuration, fly ash LOI, and, especially, the coal
rank. These influences tend to counteract each other insofar as low-rank coals
give UBC with very high specific surface areas but generate very low LOI levels.
Conversely, high-rank coals give UBC with low surface areas but generate much
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higher LOI levels. Even so, it is impossible to accurately depict in-flight Hg trans-
formations without an accurate account of all three influences on the chlorinated
surface area. ACI with untreated carbon sorbents mitigates the inherent variations
in chlorinated surface area, but does not necessarily eliminate the halogen depen-
dence. This limitation is clearly seen in the much-lower-than expected asymptotic
Hg removals for ACI with many low-rank coals. ACI with brominated carbon is
the only current means to completely circumvent these limitations. Unfortunately,
even this “universal” solution may be diminished by SO, inhibition. Whenever flue
gas SO, levels are high enough to drive the SO, dew point below the local gas tem-
perature in the APH and further downstream, condensed H,SO, will deactivate
halogenated sites on UBC and carbon sorbents, whether or not they have been
brominated. As this inhibition can cut Hg removals in half, ACI is not recom-
mended with high-S fuels, unless sorbent additives or sulfur trioxide mitigation
are implemented.

In cleaning systems that exclusively rely on in-flight Hg transformations to con-
trol Hg emissions, relatively very high LOI levels are needed to generate sufficient
UBC to produce appreciable Hg, levels that can be removed in the PCD, even with
high-Cl coals. Therefore, impending Hg emission regulations can only be met with
ACI Whether or not the sorbent is brominated, Hg removals for ACI upstream of
a FF are significantly greater than ESPc removals, and this scheme requires much
lower ACI concentrations to achieve a targeted Hg removal. This is because the
enormous volumetric surface area in an FF filtercake brings the Hg speciation to
adsorption equilibrium, while ESPs rapidly eliminate all the chlorinated carbon
surface area from the flue gas and shut down the Hg conversion chemistry. Our
analysis indicates that the only PCD-only cleaning configuration that can match
the Hg removal performance of an SCR+ ESPc+ WEGD configuration is when
ACl is positioned between an ESPc and a FF (Toxecon™-I).

The Hg® oxidation performance of SCRs is no less variable than the in-flight
transformations, because SCR design specifications and operating conditions are
atleast asimportant as the halogen concentrations. This variability reflects the fact
that none of the SCRs in service were designed, let alone optimized, to oxidize
Hg®. The essential feature is that NH; adsorption inhibits the adsorption of the
species involved with Hg® oxidation, which subdivides the catalyst into two stages.
An entry stage sustains NO reduction with high concentrations of adsorbed NH,
but too few chlorinated sites to sustain Hg’ oxidation. Once the NH; has been
consumed, a trailing stage is chlorinated much more extensively and thereby able
to rapidly oxidize Hg®. The various SCR design specifications and operating con-
ditions can be understood in terms of how they affect the lengths of these two
stages. Factors that enhance surface halogenation, such as higher inlet halogen
concentrations and lower NH;/NO ratios, also promote Hg? oxidation. Br species
dramatically accelerate Hg? oxidation rates on some catalysts by as much as a fac-
tor of 40 compared to the rates for Cl species. The analysis also shows that shifting
the pore size distribution toward macropores in a final catalyst layer appears to be
an effective means to directly enhance Hg? oxidation.
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The WEGD analysis predicts Hg reemission along the entire absorber, but not
in the slurry holding tank for a limestone, forced oxidation system. The total S(IV)
species concentration in the slurry promotes reemission; conversely, the analysis
correctly predicts less reemission for greater Cl~ concentrations. Simulations with

added S(II) species, as released from commercial additives to suppress Hg ree-

mission, correctly gave complete precipitation of Hg(II) as HgS(s). These predic-
tions are consistent with full-scale field tests where the addition of NaHS almost
completely suppressed Hg reemission and the extent of reemission did not bear
any relation to the additive feed rate. But this analysis needs additional valida-
tion with data from full-scale WFGDs before it can deliver accurate quantitative

interpretations.
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Disclaimer
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