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Abstract

The proportion of Hg in coal feedstock that is emitted by stack gases of utility power stations is a complex function of
coal chemistry and properties, combustion conditions, and the positioning and type of air pollution control devices
employed. Mercury in bituminous coal is found primarily within Fe-sulWdes, whereas lower rank coal tends to have a
greater proportion of organic-bound Hg. Preparation of bituminous coal to reduce S generally reduces input Hg relative to
in-ground concentrations, but the amount of this reduction varies according to the fraction of Hg in sulWdes and the
eYciency of sulWde removal. The mode of occurrence of Hg in coal does not directly aVect the speciation of Hg in the com-
bustion Xue gas. However, other constituents in the coal, notably Cl and S, and the combustion characteristics of the coal,
inXuence the species of Hg that are formed in the Xue gas and enter air pollution control devices. The formation of gaseous
oxidized Hg or particulate-bound Hg occurs post-combustion; these forms of Hg can be in part captured in the air pollu-
tion control devices that exist on coal-Wred boilers, without modiWcation. For a given coal type, the capture eYciency of Hg
by pollution control systems varies according to type of device and the conditions of its deployment. For bituminous coal,
on average, more than 60% of Hg in Xue gas is captured by fabric Wlter (FF) and Xue-gas desulfurization (FGD) systems.
Key variables aVecting performance for Hg control include Cl and S content of the coal, the positioning (hot side vs. cold
side) of the system, and the amount of unburned C in coal ash. Knowledge of coal quality parameters and their eVect on the
performance of air pollution control devices allows optimization of Hg capture co-beneWt.
©  2006 Elsevier Ltd. All rights reserved.
1. Introduction

According to the US Environmental Protection
Agency’s Information Collection Request (ICR)
compilation (USEPA, 2002), 48 T of Hg, or about
64% of Hg input to the boiler, was emitted from US
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coal-burning utility power stations in 1999. With the
adoption of recent USEPA rules, plans are now in
place to limit Hg emissions from USA coal-Wred
utilities, the largest remaining point-source category
of emissions not currently regulated. The Clean Air
Interstate Rule or CAIR (USEPA, 2005a) speciWes
reductions in NOx and SO2 emissions that are pro-
jected to result in a 40% reduction in Hg emissions
in the utility sector by 2010. This Hg reduction will
largely be accomplished with existing technologies,
.
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primarily as a co-beneWt of reducing other pollu-
tants such as NOx, and SO2, in 28 eastern states and
the District of Columbia. A similar plan has been
introduced in Canada, with 2010 emissions caps that
diVer by province, and the possibility of more strin-
gent reductions by 2018 (CCME, 2005).

Ultimately, Hg-speciWc technology will be
required in the USA to achieve a 70% reduction in
Hg emissions by 2018 under the Clean Air Mercury
Rule or CAMR (USEPA, 2005b). Sorbent injection
approaches to Hg reduction having optimal Hg
capture eYciencies of 70–90% at the pilot scale
(Pavlish et al., 2003), appear promising in achieving
these reductions. Similar optimal removals have
been achieved in recent full scale demonstrations
(Thompson et al., 2005). The eVect of added
sorbents on the suitability of coal combustion by-
products for use in commercial applications is of
concern to industries that utilize these materials.
While Hg-speciWc control technology continues to
develop rapidly, reducing Hg loading and increas-
ing capture eYciency by existing air pollution con-
trol devices are more immediate concerns. This
paper presents relevant information on Hg concen-
tration and distribution in coal and reviews factors
that inXuence Hg capture by existing air pollution
control devices.

2. Mercury in coal

2.1. Concentration ranges and basis for comparison of 
mercury in coal

Mercury contents of coal diVer by coal basin, by
rank, and within individual coal beds, reXecting dia-
genetic, coaliWcation, and post-diagenetic diVerences
at all scales. Mercury concentrations exceeding
1 mg/kg are rare and generally result from minerali-
zation that post-dates coal formation (Finkelman,
2003; Diehl et al., 2004; BrownWeld et al., 2005). The
average Hg concentration of coal delivered to USA
power stations in 1999 is 0.10 mg/kg (USEPA, 2002;
Quick et al., 2003). This average is substantially
lower than the USA average (0.17 mg/kg) for over
7000 coal samples in the US Geological Survey
(USGS) COALQUAL database, which is based on
in-ground Hg concentration (Finkelman, 1993;
Bragg et al., 1998). This diVerence primarily reXects
(1) the fact that coal preparation, used to reduce S
contents of some eastern coal, generally reduces Hg
relative to in-ground values; and (2) increased use of
USA western coal having lower Hg concentrations
relative to the in-ground average expressed in the
COALQUAL database.

Information on Hg concentration of commercial
coal is available for a number of other countries. In
Canada, a utility monitoring program conducted
from 2002 to 2004 provided information on Hg input
and emissions nationwide (Goodarzi, 2002; CCME,
2005). Assessment of Hg releases from the Russian
Federation (ACAP, 2005) includes data on Hg in
mine output of the major coal basins, summarized
from available analyses. A weighted average of
0.08 mg/kg is calculated, strongly controlled by
results for the Kuznetsk basin, which accounts for
about half of the coal extracted in Russia. Trace ele-
ment data, including Hg, are being compiled for sam-
ples collected from about 60 coal-producing
countries under the USGS World Coal Quality
Inventory (Tewalt et al., 2005). Surveys of the Chi-
nese coal industry have been conducted to assess the
input of Hg from coal to combustion sources (Belkin
et al., 2005; Streets et al., 2005). An arithmetic mean
Hg concentration of 0.15 mg/kg was determined by
Belkin et al. (2005) for 305 coal samples representing
the output from mines in the major coal-producing
regions of China. This study, and similar estimates,
suggest that a lack of emissions controls in utility
power stations, rather than a higher average Hg con-
centration, is primarily responsible for a per-ton Hg
emissions rate in China that is roughly three times
higher than that for USA utilities (Belkin et al., 2005).
This output rate, combined with the largest coal pro-
duction/consumption rates in the world, make China
the world’s largest emitter of Hg to the atmosphere.

Mercury concentrations alone are not a suYcient
basis for comparison of diVerent coal samples
because moisture and caloriWc values vary consider-
ably by rank. Low-rank coal can have moisture con-
tents in excess of 30%, whereas moisture in
bituminous coal is typically 1–5%. The large diVer-
ence in moisture between low-rank and higher rank
coal makes it diYcult to compare weight concentra-
tions unless they are taken on an equivalent dry
basis. Comparison by concentration alone underes-
timates Hg loading by low-rank coal such as lignite,
because a greater mass of lignite must be used to
generate equivalent energy, compared to bituminous
coal. For this reason, the USEPA (2005c) uses an
energy equivalent basis in limits for Hg emitted
from small non-utility boilers, and will adopt a simi-
lar approach for utilities under CAMR and CAIR.
Comparison of Hg contents on an energy equivalent
basis is advocated by Toole-O’Neil et al. (1999).
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2.2. Mercury modes of occurrence in coal

An understanding of the mode of occurrence of
Hg in various USA coal samples has been attained
primarily through a combination of selective chemi-
cal leaching studies (Palmer et al., 1998, 2002), and
direct determinations of coal constituents using
methods such as laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS; Diehl
et al., 2004; Kolker et al., 2002). In bituminous coal,
Fe-sulWdes (pyrite and marcasite) are commonly the
primary hosts of Hg, whereas the proportion of
organic-hosted Hg is generally greater in lignite and
subbituminous coal.

Mercury concentrations in pyrite, and the pro-
portion of Hg in pyrite relative to other minor/trace
elements, vary according to the timing of pyrite for-
mation, and diVerences in the chemistry of Xuids
giving rise to enrichment in these elements. Limited
grain-scale determinations of Hg in pyrite (Fig. 1)
indicate concentrations in the mg/kg range, corre-
sponding to enrichment factors as great as 100 or
more, relative to whole-coal Hg concentrations
(Diehl et al., 2004; Kolker et al., 2002). In the War-
rior coalWeld of northwestern Alabama, pyrite fram-
boids that accompany coal formation have Hg
concentrations <1 mg/kg, whereas late stage vein-

Fig. 1. Plot of Hg concentration in pyrite (in mg/kg) as a function
of As concentration, based on reconnaissance laser ablation (LA)
ICP-MS analysis of 6 USA eastern bituminous coals (data from
Diehl et al., 2005; Kolker et al., 2002). Data points represent indi-
vidual LA-ICP-MS spot analyses (analysis spot ranges in size
from 10 to 50 �m). Samples include an Ohio 5/6/7 blend (Ohio;
whole coal D 0.18 mg/kg Hg), Illinois #6 (Illinois; 0.06 mg/kg Hg),
Pittsburgh (Pitts; 0.09 mg/kg Hg), and coals from the Black War-
rior Basin of Alabama (AL), the Upper Coalburg Coal from
West Virginia (WV), and an eastern Kentucky coal (KY).
Framboidal pyrite in the WV sample is indicated in the legend as
WV Fmb. Note log scale for As concentration.
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Wlling pyrite has average Hg concentrations of about
20 mg/kg (Diehl et al., 2004). A similar trend was
found for a West Virginia coal sample (Fig. 1), in
which framboidal pyrite is less Hg-enriched than
other forms of pyrite in this sample. This Wnding is
potentially favorable from a coal preparation stand-
point, because framboidal pyrite is diYcult to
remove by coal preparation (see Section 2.3). In coal
that contains both pyrite and marcasite, there can be
a considerable diVerence in Hg concentration (Rob-
ertson, 2000). Because the concentration of Hg in
pyrite can be quite variable, basin-scale correlation
between Hg and pyritic S generally yields consider-
able scatter, whereas better correlations between
these parameters are found within coal beds or por-
tions of beds.

Organically bound Hg is the next most abundant
form of Hg in bituminous coal, and the most abun-
dant form overall in some low-rank coal. Direct
determinations of Hg concentrations in organic
matter in coal are very limited. Using LA-ICP-MS,
Diehl et al. (2004) showed that the concentrations of
Hg and associated elements in pyrite were an order
of magnitude higher that those in organic parts of
coal from three mines in the Warrior coalWeld. An
organic association for Hg in coal is also inferred by
the diVerence between whole coal values and the
sum of selective leaching results for Hg in mineral
matter.

In atypical Hg-rich coal (i.e., 75 mg/kg), com-
pounds such as HgS (cinnabar), HgSe (tiemannite),
and even native Hg have been reported (BrownWeld
et al., 2005). In Hg-rich coal, concentrations are
suYcient to allow speciation determinations by
X-ray absorption near-edge structure (BrownWeld
et al., 2005), as used for other elements present at
mg/kg concentrations (Huggins et al., 2002). In coal
with more typical (sub-mg/kg) Hg concentration, a
small portion of the Hg may be in solid solution in
PbSe, a common trace mineral (Hower and Robert-
son, 2003).

2.3. Mercury reduction by coal preparation and 
selective mining

Coal preparation is eVective in achieving modest
Hg reductions in eastern USA bituminous coal by
reducing pyrite contents (Toole-O’Neil et al., 1999;
Pavlish et al., 2003). Various processes are used,
including coal washing, and more advanced tech-
niques such as froth Xotation, selective agglomera-
tion, cyclones, and chemical approaches. Coal
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preparation is primarily intended to reduce S con-
tents and mineral matter; therefore, when Hg reduc-
tion is achieved it is obtained as a co-beneWt to these
primary goals. For bituminous coal, the amount of
Hg reduction is highly variable, ranging from about
10% to as much as 70%, with an average of approxi-
mately 30% on an energy equivalent basis (Toole-
O’Neil et al., 1999). The amount of reduction
depends on the amount of pyrite present, Hg con-
centration in pyrite, proportion of the total Hg in
pyrite, and the eVectiveness of pyrite removal by the
preparation process. Where Hg is principly in an
organic association, as in much low-rank coal, it is
unlikely that signiWcant reduction of Hg can be
achieved by coal washing. Rejection of the coarse
pyritic fraction by pulverizers at the power plant
reduces Hg input to the boiler regardless of whether
the coal has been cleaned (Hower et al., 2005). These
pulverizer rejects can account for a disproportionate
fraction of Hg and their removal increases boiler
performance as well as decreases S and Hg emis-
sions.

In cases where Hg concentrations of coal beds are
structurally or stratigraphically controlled, selective
mining can be a useful approach to limiting the Hg
concentration of delivered coal by avoiding the most
Hg-rich zones or stratigraphic intervals (Sakulpitak-
phon et al., 2004; Diehl et al., 2004; Hower et al.,
2005). This approach generally requires sampling and
analysis at a level of detail beyond that ordinarily
required of coal providers. Depending on economic
factors of mining and speciWcations of utility coal con-
tracts, the approach may or may not be cost eVective.

3. Impact of coal quality on mercury removal in 
combustion systems

3.1. Coal properties, mercury speciation, and 
transformations in the boiler

Flue gas from coal combustion may contain gas-
eous elemental Hg (Hg0) and gaseous forms of oxi-
dized Hg, for example, mercuric chloride (HgCl2),
mercuric oxide (HgO), mercuric sulfate (HgSO4),
and mercuric nitrate (Hg(NO3)2). Each of these spe-
cies has diVerent properties that determine its solu-
bility in water and its potential for adsorption onto
solid surfaces. Available measurement techniques
only allow for the routine measurement of oxidized
Hg (Hg2+), particulate-bound Hg (Hgp), and Hg0 in
Xue gas. The determination of these three forms of
Hg in Xue gas is called the speciation of Hg.
Mercury exists as Hg0 in the high temperature
(»1600 K) regions of coal-Wred boilers, irrespective
of the form of Hg in the fuel. As the Xue gas is rap-
idly cooled to temperatures in the range of 400–
500 K, a series of complex reactions converts Hg0 to
Hg2+ and Hgp, which are more readily captured than
Hg0 (see Section 3.2). Bench-, pilot-, and full-scale
combustion research have produced theoretical
models attempting to explain the speciation and
capture of Hg in coal-combustion Xue gases. Trans-
formation of Hg0 to Hg2+ involves both gas-phase
(homogeneous) reactions (Edwards et al., 2001;
Niksa et al., 2001; Qiu et al., 2003; Senior et al.,
2002) and gas–solid (heterogeneous) reactions
(Olson et al., 2003, 2005; SchoWeld, 2004).

As a result of chemical transformations in the
Xue gas, Hg enters the Xue gas cleaning device(s) as a
mixture of Hgp, Hg2+, and Hg0. In the presence of
Cl, gas-phase equilibrium conditions favor the for-
mation of HgCl2 at Xue gas cleaning temperatures.
However, the oxidation of Hg0 is kinetically limited
by the homogeneous and heterogeneous reaction
rates (Senior et al., 2002). Sulfur (as SO2) reduces the
homogeneous oxidation of Hg in Xue gas (Qiu et al.,
2003); S (as SO2 and/or SO3) can inhibit the sorption
and oxidation of Hg0 by carbon surfaces (Olson
et al., 2003). Carbon surfaces, such as unburned C in
Xy ash, appear to be critical to several heterogeneous
pathways for Hg oxidation. Unburned C in Xy ash
depends on the speciWc combustion system and the
coal rank, with bituminous coal producing more
unburned C than subbituminous or lignite coal in
industrial and utility boilers. The most important
factors that aVect Hg transformations related to
coal properties are coal rank, coal Cl concentration
and coal S concentration.

3.2. Mercury capture in air pollution control devices

The extent of conversion of Hg0 to Hg2+ and Hgp
depends on the Xue gas composition, the amount
and properties of Xy ash and the Xue gas quench
rate. These factors are, in turn, dependent on the
type (and properties) of coal, the combustion condi-
tions, the design of the boiler and downstream heat
extraction equipment, and the air pollution control
devices (APCDs).

The most common APCDs in USA coal-Wred util-
ity power stations include: (1) electrostatic precipita-
tors (ESPs), used with or without Xue-gas
desulfurization (FGD) controls (Fig. 2), and (2) fab-
ric Wlters (FFs), which may be used alone or with
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spray dry adsorbers (SDAs). These control devices
are designed to remove particulates (FFs, ESPs) or S
(FGDs, SDAs) from Xue gases. The position of an
ESP relative to the air pre-heater device, downstream
of the boiler, is an important distinction. Cold-side
ESPs are installed downstream of the air pre-heater
(Fig. 3), whereas hot-side ESPs are installed
upstream of the air pre-heater, closer to the boiler.

The amount of Hg removed by an APCD
depends on its type and the rank of coal being
burned. Empirical results (Kilgroe et al., 2002)
show most eYcient Hg removal for bituminous
coal (>60%) in FF/SDA and FGD devices (Fig. 4).
By contrast, cold-side ESPs (CESPs) remove only
40% of Hg from Xue gases, and hot-side ESPs
(HESPs) have virtually no eVect on the pollutant.
At plants burning subbituminous coal or lignite,
APCDs are much less capable of removing Hg. For
the former fuel, only FFs (60%) and FGD systems
(15%) have exhibited much eVectiveness. In the case
Fig. 2. Schematic showing Xow of materials in a coal-Wred boiler equipped with electrostatic precipitator (ESP) and Xue-gas desulfuriza-
tion (FGD) air pollution control devices. A portion of the Hg in feed coal is trapped in Xy ash, bottom ash (which generally includes pul-
verizer rejects), and in FGD sludge.
Fig. 3. Diagram of a coal-Wred power plant, illustrating critical pathways for Hg transformations. Example shows use of selective catalytic
reduction (SCR) and placement of particulate collector (fabric Wlter or electrostatic precipitator) on downstream (cold) side of air pre-
heater (air heater).
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of lignite-burning plants, the removal of Hg is very
low, in some cases apparently negative. Mercury
removal is calculated from measurement of Hg in
the Xue gas at the inlet and outlet of the particulate
control device. When little Hg is removed, limita-
tions on the accuracy of the inlet and outlet mea-
surements may result in apparent negative removals.

Equations describing the Hg removal behavior of
these devices as a function of coal quality parame-
ters, have been Wt to the ICR data; these results were
compared and evaluated by Quick et al. (2005).

3.2.1. Unburned carbon and mercury capture by Xy 
ash

Heterogeneous reactions involve adsorption and
desorption that lead to the adsorption of gas-phase
Hg onto solid particles (Hgp) and the formation of
Hg2+. A multi-step heterogeneous model has been
proposed by researchers at the University of North
Dakota – Energy and Environmental Research Cen-
ter to characterize the adsorption and oxidation of
Hg by activated C (Olson et al., 2003, 2005). The
active sites are postulated to be C sites that act as
Lewis bases. Oxidized Hg in the Xue gas (Hg2+) can
bind to these sites. Acid gases (HCl, SO2, SO3) also
bind to these sites. HCl bound to a C site is postu-
lated to adsorb elemental Hg from the gas; oxidants
in the gas (O2, NO2, NO) subsequently oxidize the
Hg to Hg2+, which can stay bound to the C or des-
orb, primarily as HgCl2. Sulfur species (SO2, SO3)
compete for the basic sites and can inhibit the bind-
ing of Hg to the sites.

Adsorption of gas-phase Hg by unburned C and
its capture in Xy ash is an important process
whereby Hg is trapped in particulate control
devices. Often a consequence of low-NOx burners or
low-NOx combustion systems, pulverized-coal boil-
ers burning bituminous coal can produce high levels
of unburned C, 5–30 wt.% as loss on ignition (LOI).
Mercury has been found to concentrate in the C-rich
fraction of Xy ash (Hassett and Eylands, 1999;
Hower et al., 1999b, 2000a,b).

Bituminous coal-ash produced under CESP con-
ditions exhibits a consistent trend of increasing Hg
removal with unburned C content (LOI in Fig. 5,
from Senior and Johnson, 2005). This trend suggests
that a relationship exists between C in ash and Hg
removal for plants burning bituminous coal in pul-
verized-coal-Wred boilers with CESPs. This relation
appears to be independent of the Cl content of coal
(Section 3.2.2).

Data from the plant with an HESP show uni-
formly lower Hg removal for a given percentage of
LOI as compared to the data for the other pulver-
Fig. 4. Average Hg removal across APCDs in coal-Wred utility boilers from EPA Information Collection Request (Kilgroe et al., 2002).
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ized-coal-Wred plants (Fig. 5). HESPs operate at
temperatures of 300–400 °C, whereas CESPs operate
at temperatures of 135–175 °C. Adsorption of Hg by
Xy ash or activated C has been observed to decrease
as temperature increases (Karatza et al., 1996; Dun-
ham et al., 2003). The higher temperatures of the
HESP favor lower adsorption of Hg upstream of the
ESP, and thus, less capture of particulate-bound Hg
in the ESP. Furthermore, the Xue gas path between
the air pre-heater inlet and the inlet of a CESP pro-
vides additional residence time for Hg sorption,
which may contribute to the higher removal of Hg
observed for CESPs.

Values for Hg removal across CESPs in cyclone
and stoker units are considerably lower than those
for pulverized-coal-Wred units having similar values
of LOI (Fig. 5). For bituminous-coal Xy-ash samples
from pulverized-coal-Wred boilers, the surface area
of C present in the ash is between 40 and 100 m2/g C
(Senior and Johnson, 2005), in agreement with
values reported by Gao et al. (2002) for Class F
(bituminous) Xy-ash samples. The cyclone- and
stoker-ash samples have much lower C surface areas
(8–11 m2/g C), which may explain the lower percent-
age of Hg removal across ESPs in those boilers
(Senior and Johnson, 2005).

Data from full-scale combustion systems show
that Hg removal across ESPs in pulverized-coal-
Wred boilers burning bituminous coal appears to be
related to the LOI or unburned C in the Xy ash. The
surface area of the C in the Xy ash was remarkably
consistent among the samples from pulverized-coal-
Wred units; combustion systems that produced Xy
ash with a lower C surface area showed lower Hg
removal across the ESP. These conclusions cannot
be extended to Xy ash from subbituminous coal and
lignite, however. There is evidence in the literature
(Gao et al., 2002; Senior and Johnson, 2005) that the
surface area of C from Class C (subbituminous) Xy-
ash samples is considerably higher than that of Class
F Xy-ash samples on a per gram of C basis.

3.2.2. EVect of chlorine and other halogens
The halogen content of the coal aVects oxidation

of Hg in the Xue gas by homogeneous, heteroge-
neous and catalytic pathways. Chlorine is the most
signiWcant halogen in combustion systems as far as
Hg chemistry is concerned, but Br also plays a role
in Hg oxidation.

The primary Hg oxidation product in Xue gas is
believed to be HgCl2, the species favored by equilib-
rium conditions. The gas-phase transformation
pathway involves the oxidation of Hg0 by atomic Cl.
The concentration of Cl, in turn, depends on a com-
plex series of gas-phase reactions involving O2,
water vapor, hydrocarbons, Cl compounds, and S
compounds. A number of critical reactions limit the
concentration of Cl and the subsequent conversion
of Hg0 to HgCl and then to HgCl2. Although NO2
has been shown to oxidize Hg0 in laboratory experi-
ments, it is not believed to play a major role in
homogeneous Hg0 oxidation reactions, whereas SO2
has been shown experimentally to aVect Hg chemis-
try in gas-phase systems (Qiu et al., 2003).

The cooling rate in the Xue gas has also been
shown to strongly inXuence homogeneous oxidation
of Hg0 (Senior et al., 2002). High Xue-gas cooling
rates between the air pre-heater inlet and air pollu-
tion control device inlet limit reaction rates associ-
ated with homogeneous oxidation reactions.

The combination of a selective catalytic reduc-
tion (SCR) system, used to reduce NOx emissions,
Fig. 5. Mercury removal across coal-Wred boilers burning bituminous coal having an ESP (Senior and Johnson, 2005).
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and a wet FGD, used to reduce SO2 emissions, can
be an eVective way to utilize existing APCDs for the
control of Hg emissions from coal-Wred power
plants. Selective catalytic reduction systems have
been observed to convert Hg0 to Hg2+ in coal-Wred
power plants (Laudal, 2002; Richardson et al.,
2002). The average of recent full-scale data for
plants Wring bituminous coal was 72% oxidation,
and the range of Hg oxidation observed was
30–98%. Limited data from plants burning subbitu-
minous coal suggest much lower amounts of Hg
oxidation across SCRs in these plants. Maximizing
the amount of Hg2+ in the Xue gas can enhance the
performance of a wet FGD in removal of Hg. This
Fig. 6. Empirical equations predict decreasing Hg capture with increasing coal S for two common emission control systems used at USA
power plants. Bold lines are for cold-side electrostatic precipitators with wet Xue-gas desulfurization (CESP/FGD) based on an equation
by SAIC (2003). Thin lines are for cold-side electrostatic precipitators (CESP) based on an equation from the Electric Power Research
Institute (Quick, 2006).
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oVers a low-cost option for control of Hg from coal-
Wred power plants.

Laboratory-scale investigations of Hg chemis-
try across SCR catalysts are more limited, but
much can be learned from the few that have been
undertaken. Lee et al. (2004) observed adsorption
and oxidation of Hg0 across a commercial SCR
catalyst to depend on HCl content of simulated
Xue gas. In another study (Hocquel et al., 2001),
elemental Hg was observed to oxidize across com-
mercial SCR catalysts in simulated Xue gas at typ-
ical SCR temperatures, with oxidation increasing
as HCl content increased. Pilot-scale data on SCR
catalysts using simulated Xue gas and power plant
Xue gas also suggest higher Hg oxidation for Xue
gas from bituminous coal, which contains more
HCl than that from lower rank coal (Richardson
et al., 2002).

A kinetic model (Senior, 2006) based on the com-
bination of mass transfer and heterogeneous cataly-
sis was developed to predict the oxidation of Hg
across SCR catalysts assuming that HCl in the Xue
gas was the agent for Hg oxidation. The model
reproduced the variation of Hg oxidation with space
velocity (i.e., gas residence time in the catalyst) and,
without any catalyst parameter adjustment, pre-
dicted the Hg oxidation for two diVerent coal
blends, of diVering Cl concentration, observed in a
slipstream reactor deployed at a coal-Wred power
plant (Spitznogle and Senior, 2005).

Until recently, the impact of other halogens in
coal on Hg oxidation has been ignored. Bromine
compounds react with Hg in the gas phase (Good-
site et al., 2004), however, the Br concentration of
coal is considerably less than the Cl concentration,
on the order of 1 mg/kg Br (or less) as compared to
»10–5000 mg/kg Cl. Vosteen et al. (2005) have dem-
onstrated that the addition of Br to fuel or Xue gas
can have a signiWcant eVect on Hg speciation and on
the partitioning of Hg between the gas and solid
phases.

3.2.3. Sulfur
Empirical equations derived from measure-

ments at 80 USA power plants (USEPA, 2002) pre-
dict decreasing Hg capture with increasing coal S
(Fig. 6). Explanations of why S reduces Hg capture
vary. Qiu et al. (2003) suggested that SO2 scavenges
free radicals in the Xue gas (O and OH), which
results in less Cl radical formation, and therefore,
less gas-phase oxidation of Hg. Hocquel et al.
(2001) suggested that S may simultaneously inhibit
the conversion of Xue-gas HCl to reactive Cl2 by
sulfation of catalytic metal-oxide surfaces, and
promote the gas-phase reduction of Cl to less-reac-
tive HCl and by-product SO3; both reactions
Fig. 8. Chlorine in commercial USA coal complexly varies with ASTM (1990) rank and geologic age. Points show average values for coal
produced from USA counties calculated from dry-basis ICR-2 data (USEPA, 2002), estimated moisture (Quick et al., 2005), and county-
average Wxed C and geologic age from Bragg et al. (1998).
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reduce the reactive Cl available to oxidize Hg (Cao
et al., 2005). Olson et al. (2003) suggested that S
may limit Hg capture by Wlling Hg binding/reac-
tion sites on Xy-ash C. Meij et al. (2002) pointed
out that higher Xue-gas temperatures required to
prevent ductwork corrosion by H2SO4 when burn-
ing high-S coal, may also reduce Hg capture, as
oxidized Hg in Xue gas does not condense above
»140 °C. Regardless of why S reduces Hg capture,
this eVect complements the likely co-reduction of
Hg when coal S is reduced (Toole-O’Neil et al.,
1999; Quick et al., 2003). Thus, selection of low-S
Fig. 9. (top) The diVerence between the net and gross heating value of USA coal systematically varies with ASTM (1990) coal rank, where:
percent diVerence D 100(MJ/kggross ¡ MJ/kgnet)/MJ/kggross, and MJ/kgnet D MJ/kggross ¡ 0.0245(M + 9H) where M is wt.% moisture, H is
wt.% organic H, and all values are on a moist, whole-coal basis. The PSU-DOE data are single coal assays on an equilibrium moisture
basis. The ICR data are county-average values on an estimated, as-shipped moisture basis. ModiWed from Quick et al. (2005) using
assigned Wxed C from Bragg et al. (1998). (bottom) Combustion reactivity systematically varies with ASTM (1990) rank; low-rank coal is
more reactive than high-rank coal. Coal assay data are from Quick et al. (2005); combustion reaction rate (k) D exp[2.8–7.58(Car-
bon(coal,wt.%)/(100 ¡ ash(coal,wt.%) ¡ moisture(coal,wt.%))] is from Pallarés et al., 2005).



A. Kolker et al. / Applied Geochemistry 21 (2006) 1821–1836 1831
coal has two likely eVects: (1) reducing the Hg con-
tent of feed coal, and (2) improving post-combus-
tion Hg capture.

Data from Canadian Electricity Association
members (CEA, 2004) also show that coal S reduces
Hg capture (Fig. 7). This eVect is strongest where
both Xy-ash C and coal Cl are high, and is consistent
with the suggestion that S Wlls reactive sites on Xy-
ash C (Olson et al., 2003). This interpretation may
also explain why S is not a signiWcant predictor of
Hg capture for units equipped with spray dry
adsorption, fabric Wlter technology; in this case, gas-
eous Xue-gas S is converted to a non-reactive solid
(sulfate) before it arrives at the particulate Wlter,
where eVective Hg capture by Xy-ash C presumably
occurs.

3.2.4. Coal rank and mercury emissions
The Clean Air Mercury Rule (USEPA, 2005b)

established Hg emissions budgets for USA states
according to the amount and rank of coal burned in
each state. Rank-speciWc standards for new power
plants have also been proposed (USEPA, 2005d).
The rule’s reliance on rank recognizes that existing
emission controls are less eVective in controlling Hg
emissions from USA plants burning lignite and sub-
bituminous coal than those burning bituminous coal
(Fig. 4). Coal rank may be useful for regulatory pur-
poses, but it is not a chemical or physical property.
However, some coal properties that are closely
related to rank may impact Hg emissions from coal
combustion.

Bituminous and higher rank coal typically con-
tains more Cl than lower rank coal (Yudovitch and
Ketris, 2006). Chlorine promotes the formation of
oxidized, more easily captured Hg species in Xue gas
(Galbreath and Zygarlicke, 2000), consistent with
better Hg capture observed for plants burning bitu-
minous coal (Fig. 4). However, the relationship
between Cl and rank of USA coal shows substantial
scatter (Fig. 8). Moreover, Mesozoic–Cenozoic bitu-
minous coal in the western USA typically has low Cl
concentration. Consequently, the relationship
between rank and Cl concentration may be coinci-
dental rather than causative, and more abundant Cl
in high-rank coal may obscure any inXuence of rank
on Hg capture.

Although unlikely to inhibit or promote Hg cap-
ture by existing emission controls, variation of coal
moisture is signiWcant where regulations are speci-
Wed on an electric output basis, rather than a fuel
basis. SpeciWcation of emission limits on an electric
output basis is more demanding for plants burning
high-moisture (low-rank) coal because the coal heat-
ing value reported from the laboratory includes the
latent heat of water vapor, whereas the coal heating
value available to the boiler does not. Unlike the
laboratory, combustion in an industrial furnace
occurs at constant pressure and the latent heat of
water vapor is lost from the furnace with the Xue
Fig. 10. Mercury emissions vary with the Hg content of coal. The best-Wt line corresponds to Hgout D 0.64 Hgin, with an r2 D 0.27. Note that
many of the units plot near the 1:1 line. Mercury emissions exceeding the Hg content of the coal (units plotting above the 1:1 line) may
reXect limited assay precision, limited test duration, and/or diYculty obtaining representative coal samples. Data for 67 conventional, pul-
verized-coal-Wred units are from USEPA (2002).
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gas; this heat loss varies with rank (Fig. 9 top). Con-
sequently, burning low-rank (high-moisture) coal
reduces boiler eYciency and increases Hg emissions

Fig. 11. The signiWcance of coal Hg content depends on the emis-
sion control technology. Data from USEPA (2002), where:
HESPD hot-side electrostatic precipitator. CESPD cold-side elec-
trostatic precipitator. HESP–FGD D hot-side electrostatic precip-
itator with wet, Xue-gas desulfurization. CESP–FGDD cold-side
electrostatic precipitator with wet, Xue-gas desulfurization. SDA-
FFD spray dry adsorption S control with fabric Wlter
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per MW h electricity produced. Although variation
in Xue-gas moisture is otherwise unlikely to inXu-
ence Xue-gas Hg capture, it is worth noting that
increasing Xue-gas moisture may increase Hg cap-
ture in systems where UV-irradiated TiO2 is used to
promote Hg oxidation (Rodríguez et al., 2004).

Moisture variation in coal is a consequence of
compaction of coal beds during geologic burial
(Dulhunty, 1954), resulting in variation in USA coal
from nearly 45% by weight (Louisiana lignite) to a
minimum near 5% (central Appalachian bitumi-
nous). In addition to physical compression, geologic
burial also increases temperature, which cleaves
labile organic constituents and promotes polymeri-
zation of the residual organic matter (Dulhunty,
1954). As coal becomes more aromatic and refrac-
tory with increasing rank, larger amounts of
unburned C in Xy ash are expected. Indeed, Fig. 9
bottom suggests that low-rank coal is inherently
more reactive during combustion than high-rank
coal. The relationship (Fig. 9 bottom) is consistent
with the empirical observation that Xy ash from
bituminous coal contains more C than Xy ash from
subbituminous or lignite coal (Sjostrom et al., 2001).
Unburned carbon in Xy ash is important because it
increases Hg capture by existing emission controls
(Hower et al., 1999b; Gibb et al., 2000).

Although both theoretical and empirical observa-
tions support the idea that increasing rank is respon-
sible for increasing Xy-ash C, a causative relation
remains unclear. This is because diVerent combus-
tion technology is used for diVerent rank coal. Large
furnaces, required to minimize molten ash agglom-
eration when burning low-rank coal, promote C
burnout. Small furnaces, appropriate for bitumi-
nous coal with more refractory mineral constituents,
provide less time for complete combustion. Com-
bustion modiWcations to reduce N oxide emissions
have increased Xy-ash C levels (Hower et al., 1999a),
further obscuring any relationship between rank
and Xy-ash carbon abundance.

3.2.5. Inertinite
Inertinite group macerals include fossil charcoal

and other C-rich constituents. As the name implies,
inertinites are typically less reactive than other coal
macerals and disproportionately contribute to
unburned C in Xy ash (Sanyal, 1983). Inertinite
abundance may be most signiWcant in low-rank coal
where chemical diVerences between the maceral
groups are largest (Dormans et al., 1956). Goodarzi
(2005) attributed enhanced Hg capture and high Xy-
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ash carbon values to increasing inertinite in Cana-
dian subbituminous feed coal. The eVect of inertinite
on unburned carbon is less certain for bituminous
coal (Borrego et al., 1997). Moreover, optically
anisotropic Xy-ash carbon from vitrinite group mac-
erals in bituminous coal has a greater aYnity for Hg
than isotropic carbon derived from inertinite
(Hower et al., 2000b).

4. Optimizing co-beneWt of existing emission controls

Despite proven emission control technology,
burning low-S coal is a popular method to reduce S
emissions. Likewise, burning low-Hg coal is a likely
method to reduce Hg emissions. Fig. 10 shows that
Hg emissions from many USA coal-Wred power
plants vary systematically according to the Hg con-
tent of the coal. The best-Wt line indicates that for
conventional coal-Wred plants, 64% of coal Hg is
emitted to the atmosphere and 36% is captured.

The importance of coal Hg concentration
depends on the emission control technology
(Fig. 11). Note that plants with HESPs or CESPs
capture little Hg, and that Hg emissions from these
plants can be reasonably estimated from the feed-
coal Hg concentration. In these cases, selection of
low-Hg coal should reduce Hg emissions. The Hg
concentration of the feed coal is not an accurate pre-
dictor of Hg emissions from units with SDAs and
FFs, or units with CESPs and wet FGD controls
(Fig. 11). In these cases, coal selection or blending,
to achieve optimal Cl contents of 500 mg/kg or
greater, might be considered (Fig. 12).

Selection of low-S coal should reduce Hg emis-
sions from units equipped with CESPs alone or
CESPs and wet FGD (Fig. 7). If the negative eVect
of S is due to blocking adsorption sites on Xy-ash C
(Olson et al., 2003), higher C injection rates may be
required when activated C is deliberately injected
into Xue gas to capture Hg, when burning high-S
coal.

5. Summary and conclusions

Analysis of results from the ICR and other
empirical sources provide estimates of the eVective-
ness of Hg removal by conventional controls in
USA coal-Wred utility generating stations. Coal
quality, notably Cl and S contents, and the combus-
tion characteristics of the coal both inXuence Hg
Fig. 12. Predicted Hg capture by APCD’s as a function of Cl content in coal. Results are averages of published best-Wt equations for each
control technology applied to county-average ICR coal assay values (Quick et al., 2005). HESPD hot-side electrostatic precipitator (open-
circles). CESP D cold-side electrostatic precipitator (solid triangles). HESP–FGD D hot-side electrostatic precipitator with wet, Xue-gas
desulfurization (open triangles). CESP–FGD D cold-side electrostatic precipitator with wet, Xue-gas desulfurization (solid circles). SDA–
FF D spray dry adsorption S control with fabric Wlter (open squares).
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speciation in Xue gas entering air pollution control
devices. Elemental Hg is diYcult to remove from the
gas phase, but gaseous oxidized Hg or particulate-
bound Hg formed post-combustion can be more
readily captured in existing APCDs. For a given
coal type, the capture eYciency of these systems var-
ies according to type of device and the conditions of
its deployment. Both FF and FGD systems are eVec-
tive in capturing particulate-bound and oxidized
species, respectively, during combustion of bitumi-
nous coal. The eVectiveness of Hg capture for low-
rank coal is lower, due to less eYcient oxidation of
gaseous elemental Hg. In addition to coal quality
and combustion conditions, variables aVecting per-
formance for Hg control include the positioning
(hot side vs. cold side) of the APCD, and the amount
of unburned C in coal ash. Knowledge of coal qual-
ity parameters, characteristics of APCDs, and set up
of combustion systems allows optimization of Hg
capture co-beneWt, the primary approach to limiting
Hg emissions under the Clean Air Interstate Rule.
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