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ABSTRACT

The Electric Power Research Institute (EPRI) is conduct-
ing research to investigate mercury removal in utility flue
gas using sorbents. Bench-scale and pilot-scale tests have
been conducted to determine the abilities of different sor-
bents to remove mercury in simulated and actual flue
gas streams. Bench-scale tests have investigated the
effects of various sorbent and flue gas parameters on
sorbent performance. These data are being used to de-
velop a theoretical model for predicting mercury re-
moval by sorbents at different conditions. This paper
describes the results of parametric bench-scale tests
investigating the removal of mercuric chloride and el-
emental mercury by activated carbon.

Results obtained to date indicate that the adsorption
capacity of a given sorbent is dependent on many fac-
tors, including the type of mercury being adsorbed, flue
gas composition, and adsorption temperature. These data
provide insight into potential mercury adsorption mecha-
nisms and suggest that the removal of mercury involves

IMPLICATIONS

Mercury continues to be considered for possible regula-
tion in the electric power industry under Title Ill of the 1990
Clean Air Act Amendments. This possibility has generated
interest in assessing whether cost-effective technologies
exist for removing mercury from fossil-fired flue gas. One
promising approach involves the direct injection of acti-
vated carbon into the flue gas. This paper describes the
results of parametric bench-scale tests investigating the
adsorption of mercuric chloride and elemental mercury
from utility flue gas by activated carbon. This information
is important for determining mercury removal using acti-
vated carbon injection under different flue gas conditions.
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both physical and chemical mechanisms. Understanding
these effects is important since the performance of a given
sorbent could vary significantly from site to site depend-
ing on the coal- or gas-matrix composition.

INTRODUCTION

The Clean Air Act Amendments of 1990 listed 189 sub-
stances as hazardous air pollutants. Thirty-seven of these
substances have been detected in power plant emissions
with eleven being trace metal species. Mercury is the trace
metal species of greatest concern because of perceived risks
from its environmental release.! Most of the trace metal
species are efficiently removed in properly operated par-
ticulate removal systems. Mercury, however, is present
mainly in the vapor form and is not captured effectively
by existing particulate removal systems.

Injection of activated carbon or other sorbents up-
stream of a particulate control device is one potential
method for controlling mercury emissions from utility
boilers. Carbon-based and other sorbents have been de-
veloped for control of mercury emissions from munici-
pal- and hazardous-waste incinerators. Existing data from
the incinerators provide some insight into mercury con-
trol, but these data cannot be used directly for coal-fired
utilities because mercury concentrations, species, and pro-
cess conditions differ greatly.? For example, mercury con-
centrations (200 to 1,000 ng/m?®) from municipal solid
waste (MSW) are 1 to 2 orders of magnitude higher than
those from coal combustion sources (5 to 20 ug/m?). The
relatively high mercury concentrations in MSW systems
and other differences in process conditions generally re-
sult in relatively low carbon injection rates. Tests have
shown that the carbon-to-mercury ratio in MSW incin-
erators is more than an order of magnitude lower than
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that necessary to achieve similar mercury removal in coal
combustors.

Several bench-,** pilot-,*° and full-scale!®!! tests have
examined the influence of carbon type, carbon structure,
carbon surface chemistry, injection method (dry or wet),
amount of carbon injected, and flue gas temperature on
mercury removal. Inconsistencies in the data suggest that
a wide variety of factors may influence the mercury re-
moval obtained when injecting sorbents into flue gas
upstream of an electrostatic precipitator (ESP) or a
baghouse. These factors potentially include the mercury
species being removed (oxidized vs. elemental), the flue
gas composition, process conditions (e.g., temperature),
sorbent characteristics, and the presence of other active
surfaces (e.g., fly ash). Many of the earlier tests did not
consider or measure all of these variables. Thus, data have
been difficult to compare.

Mercury speciation in the flue gas, flue gas composi-
tion, and process operating conditions are all important
factors in determining mercury removal. Current mercury
measurement methods indicate the presence of both el-
emental and ionic forms of mercury in flue gas. The ionic
mercury is usually assumed to be a chloride or oxide, and
mercuric chloride is normally used in bench experiments
to simulate oxidized mercury species. Results presented
later in this paper show that sorption behavior is depen-
dent on mercury type. In addition, gas components such
as sulfur oxides, nitrogen oxides, water, and chlorine com-
pounds can affect adsorption. These variables make data
interpretation difficult since the flue gas composition can
vary widely from one boiler to another or even test to
test. Other process conditions, such as temperature, sor-
bent dispersion uniformity, and sorbent residence time,
can also be difficult to maintain or determine in large-
scale systems. For example, sorbent residence times in an
electrostatic precipitator are difficult to quantify since
many of the particles are collected in the first field. Also,
particle migration will skew sorbent distribution. In a
baghouse, the residence time between the baghouse inlet
and the filter bags is difficult to determine, and dustcake
thickness will vary with time in operation, pressure drop,
and cleaning frequency.

While the above factors influence mercury adsorp-
tion and removal, the most important factor is probably
the sorbent type and its associated properties. However,
sorbent properties that allow a given sorbent to effectively
adsorb mercury are not well understood. Specific func-
tional groups present on the good mercury sorbents are
not known, and the mercury adsorption mechanisms are
not well understood. Variations in the physical proper-
ties of a given sorbent such as size, shape, effective sur-
face area, and porosity can affect adsorption effectiveness.
Because of these factors, particles already present in flue
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gas such as fly ash or calcium sorbents injected for sulfur
oxide control can be quite active for mercury adsorption
under some conditions. This activity can make interpre-
tation of sorbent effectiveness difficult.

To develop a better understanding of how the above
parameters affect mercury adsorption and sorbent effec-
tiveness, EPRI has developed a systematic approach for
evaluating potential sorbents and developing a theoreti-
cal model to predict performance. This approach and the
theoretical model have been discussed in more detail pre-
viously.'!3 Laboratory tests are used to characterize the
physical and chemical properties of a given sorbent such
as size, shape, surface area, porosity, and chemical com-
position. Bench-scale, fixed-bed tests are then conducted
to determine the equilibrium adsorption capacity and
breakthrough characteristics. These tests are conducted
under simulated flue gas conditions, and results using
different sorbents can be compared to provide relative
indicators of performance. The sorbent properties and
adsorption equilibrium data are then used in the theo-
retical model that incorporates mass transfer consider-
ations to predict mercury removal during sorbent injec-
tion. This model will be refined as bench-scale and pilot-
scale injection test data are collected. Tests upstream of
both electrostatic precipitators and baghouses are needed
to account for differences in residence time and physical
configuration.

This paper discusses recent bench-scale, fixed-bed
adsorption results using both elemental mercury and
mercuric chloride under simulated flue gas conditions. A
lignite-based activated carbon obtained from Norit Ameri-
cas (commercial name, Darco FGD carbon) has been tested
under a wide variety of mercury concentrations and flue
gas conditions. This work is significantly different than
the work of others since the majority of previous work
has been done in nitrogen. Before discussion of the mer-
cury adsorption results, the bench-scale test equipment
and procedures are described.

TEST METHODS AND PROCEDURES
In order to model the performance of a given sorbent,
the equilibrium adsorption capacity and characteristics
of the sorbent must be known. If a particular sorbent has
a low equilibrium capacity for mercury, the mercury re-
moval rate will be adversely affected since equilibrium
will be rapidly approached. Sorbent equilibrium data can
be generated by conducting fixed-bed, adsorption break-
through tests. The bench-scale studies presented in this
paper have focused on evaluating the breakthrough char-
acteristics of Norit Americas’ Darco FGD carbon under a
wide variety of test conditions.

Figure 1 shows a schematic diagram of the bench-
scale mercury sorbent test apparatus. Two identical test

Journal o%,:e' %r EwasAteHﬁanEa?g%ngg IAISO?:/QI%? 1167
Page 3



Carey et al.

e

Figure 1. Bench-scale, fixed-bed mercury adsorption apparatus.

units have been constructed. One unit is used to test el-
emental mercury adsorption while the other is used to
test mercuric chloride adsorption. In both systems, a simu-
lated flue gas is prepared by mixing heated, nitrogen gas
streams containing SO,, HC1, CO,, O,, NO_, and water.
The gas composition can be varied by appropriately ad-
justing the various gas rates. Mercury is injected into the
gas by contacting nitrogen carrier gas with either recrys-
tallized mercuric chloride solids or with an elemental
mercury diffusion tube (VICI Metronics) in a mercury satu-
ration vessel. The mercury concentration is controlled by
the temperature of the mercury saturator and the nitro-
gen flow rate through the saturator. All gas mixing, water
saturation, and mercury injection occur within a closed,
temperature-controlled box designed to prevent water
condensation, which can affect the behavior of mercury
and the gas concentrations in the flow lines.

The reaction gas flows at about 1 standard L/min
through heated (225°F) Teflon lines to a temperature-con-
trolled column (0.5-in. i.d.) containing the sorbent to be
studied. The sorbent is mixed in a sand diluent prior to
being packed in the reaction column. A ratio of 20 mg
carbon to 10 g of sand was used in all tests reported in
this paper. In the column, the gas is heated to the reac-
tion temperature before contacting the sorbent by pass-
ing it across a bed of pyrex spheres designed to enhance
heat exchange. The column temperature is controlled
using an internally mounted thermocouple shielded from
the gas with a glass sheath. The reaction gas flows down-
ward through the column to minimize the chance of se-
lective flow or channeling through the bed. The bed ma-
terial is supported by a fritted glass disk and packed with
quartz wool. The linear gas velocity through the empty
column is approximately 36 ft/min at 275°F.

During each test, the sorbent-sand mixture is equili-
brated at the desired adsorption temperature for at least
one hour before contacting gas. During this time, the inlet
gas bypasses the sorbent column and passes to the analyti-
cal system to determine the inlet mercury concentration.

1168 Journal of the Air & Waste Management Association

The analytical system (described below) consists of a gold
amalgamation unit and a cold-vapor atomic absorption
(CVAA) spectrophotometer. After the inlet mercury con-
centration is established, the adsorption test is initiated
by diverting the reaction gas through the sorbent col-
umn. The amount of mercury exiting the column is
measured on a semi-continuous basis until 100% of the
inlet mercury is detected at the outlet (100% break-
through). The reaction gas continuously passes through
the sorbent column during each test by sending the ef-
fluent gas to a waste scrubber during the analysis step.

During normal operation of a test, the effluent gas

from the fixed-bed column flows through heated lines

to an impinger containing SnCl, solution, which reduces
any oxidized mercury compounds to elemental mercury.
After passing through the SnCl, impinger, the gas flows
through a buffer solution (Na,CO,) to remove the SO, and
HCI from the gas, thus protecting the downstream, ana-
lytical gold surface. Gas exiting the impinger solutions
flows through a gold amalgamation column housed in a
tubular furnace where the mercury in the gas is adsorbed
(<100 °C). After adsorbing mercury onto the gold for a
fixed period of time (typically 6 minutes), the mercury
concentrated on the gold is thermally desorbed (>750 °C)
in nitrogen and sent as a concentrated mercury stream to
the CVAA spectrophotometer for analysis. Therefore, the
total effluent mercury concentration is measured semi-
continuously with a 6-min sample time followed by a six-
minute analytical period.

The gold amalgamation/CVAA system is calibrated by
withdrawing a known volume of vapor from a mercury
saturation vessel and injecting this vapor upstream of the
gold. The mass of elemental mercury injected is calcu-
lated based on the vapor volume and mercury saturation
temperature and is correlated to the CVAA response. This
method of determining the elemental mercury mass has
been verified by injecting the mercury vapor into an EPA
Method 101A sample train and analyzing the impinger
solutions. Calibration of the system is verified periodically
by injecting a known mass of elemental mercury into the
simulated flue gas and measuring the spike recovery. Spike
recoveries are generally between 90% and 110%.

When testing elemental mercury adsorption, the ef-
fluent mercury can be fully or partially oxidized due to
reactions between the inlet elemental mercury, activated
carbon, and flue gas components. The percentage of inlet
elemental mercury oxidized across the sorbent is deter-
mined by replacing the SnCl, impinger with an impinger
containing tris(hydroxymethyl)aminomethane (tris) so-
lution. The tris solution has been shown in other EPRI
studies to capture oxidized mercury while allowing el-
emental mercury to pass through without being altered.'*
Therefore, with the tris impinger in place, any effluent
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oxidized mercury is captured by the tris impinger, and
only elemental mercury is detected by the downstream
analytical system. The difference between the total mea-
sured effluent mercury (SnCl, impinger) and the effluent
elemental mercury represents the amount of elemental
mercury oxidized across the sorbent bed.

Using the apparatus described above, mercury adsorp-
tion breakthrough curves using FGD carbon were gener-
ated at various operating conditions. Typical breakthrough
curves are shown in Figure 2. The percent breakthrough
is determined as a function of time by normalizing the
measured mercury concentration at the outlet of the sor-
bent bed to the inlet mercury concentration. The area
between the breakthrough curve and 100% breakthrough
represents the total mass of mercury adsorbed as a func-
tion of time. The adsorption capacity of the sorbent (ug
Hg adsorbed/g carbon) at time t is determined by sum-
ming the total mass of mercury adsorbed through time t
(area above the breakthrough curve) and dividing by the
carbon mass. The initial breakthrough capacity is defined
at the time when mercury is first detected at the outlet.
The 100% breakthrough (equilibrium) capacity is defined
at the time when the outlet mercury concentration is first
equal to the inlet concentration.

MERCURY ADSORPTION TEST RESULTS

Although the bench-scale test apparatus is capable of test-
ing nearly any sorbent type, results in this paper focus
only on Darco FGD carbon. This activated carbon is lig-
nite-based and was obtained from Norit Americas Incor-
porated. It is a commercial product primarily sold as a
sorbent for heavy metal species in incinerator flue gas
streams. Table 1 summarizes the FGD carbon physical and
chemical properties measured in the lab. The chemical
composition was obtained using energy dispersive x-ray
analysis (EDX). The particle size distribution was deter-
mined using both a scanning electron microscope method
and Microtrac analysis (laser scattering method). Typical
product properties obtained from a Norit Americas datasheet

mebicrrgh
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Figure 2. Typical HgCl, and Hg° breakthrough curves.
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Table 1. Properties of Darco FGD powdered activated carbon.

Carbon Property Lab Data  Norit Americas
Datasheet
General Properties:
Bulk density (g/mL) — 0.51
Surface area (m%/g) — 600
Molasses decolorizing efficiency — 90
lodine number — 600
Particle Size:
% passing 325 mesh 94 95 minimum
Avg. size from SEM analysis (nmm) 15 —
Avg. size from Microtrac analysis (nm) 14 —
Pore Size Distribution (mg/g):
micro, <20 A — 0.18
meso, 20-50 A — 0.25
macro, 50-150,000 A — 1.06
Chemical Composition (wt%):
Oxygen 28 —
Carbon 2 —
Silicon 14 —
Calcium 13 —
Iron 74 —
Aluminum 71 —
Sulfur 37 1.8
Magnesium 2.9 —

are included for comparison. The analytical methods used
to make these measurements were not specified.

FGD carbon has been tested over a wide range of test
conditions. Table 2 summarizes the baseline test condi-
tions using both elemental mercury and mercuric chlo-
ride and the range over which some variables have been
tested. The baseline concentrations of SO, and HCI are
representative of many full-scale utilities burning Eastern
U.S. bituminous coals (which contain relatively high sul-
fur and chloride). However, the flue gas composition can
vary dramatically from one full-scale system to another
depending on the coal type, operating conditions, and
air pollution control technologies used. The range of flue
gas concentrations shown in Table 2 was selected to rep-
resent this wide range of full-scale gas compositions.

The baseline mercury concentrations in Table 2 are
reported as a range because these concentrations can not
be precisely controlled from test to test due to the nature
of using a mercury saturation vessel. These concentrations
(25-45 ng Hg/Nm? for HgCl, and 40-80 png Hg/Nm? for
HgP are higher than most full-scale systems (typically 5-
20 pg Hg/Nm?®). Higher baseline concentrations were used
to decrease the sensitivity of results to variations in the
mercury concentration.

FGD carbon is tested at baseline conditions on a regu-
lar basis to determine variability in the measurement
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Table 2. Bench-scale test conditions.

Parameter Baseline Value Range Tested
Gas Rate (L/min at 75°F) 1.0 —
Gas Composition:
HgCl, (ug Ho/Nm®) 25-45 5-105
Hg" (ug Hy/Nm?) 40-80 5-130
SO, (ppmd) 1600 0-3000
HCI (ppmd) 50 0-100
NO, (ppmd) 0 100, 400
0, (%) 6 —
C0, (%) 12 —
H,0 (%) 7 0-10
Adsorption Temperature (°F) 275 225-400

methods and to monitor unexpected changes in the re-
sults. “Blank” tests conducted with no carbon in the sand
bed consistently have shown no mercury adsorption;
therefore, all mercury adsorption can be attributed to the
carbon during the tests. Generally, the outlet concentra-
tion at the end of each test has been between 80% and
120% of the inlet concentration. These data suggest rea-
sonable recovery of mercury through the sorbent bed.

The standard deviation of the adsorption capacity
measurements is typically 40-50% of the measured aver-
age. This relatively high standard deviation is not surpris-
ing since mercury adsorption is dependent on many fac-
tors and the mercury concentration is low. Although test
conditions are controlled tightly, variations in the inlet
mercury concentration, the consistency of FGD carbon
surface properties from sample to sample, and the mea-
surement methods contribute to variations in the mea-
sured capacity. Given this variability, the adsorption ca-
pacities reported for most of the test conditions in this
paper have been measured at least three times.

Bench-scale results presented in this paper include the
effect of the following variables on the FGD carbon elemen-
tal mercury and mercuric chloride adsorption capacities:

e mercury concentration,

* SO, concentration,

e HCI1 concentration,

* NO, concentration,

e  water concentration, and

e mercury oxidation (elemental mercury only).
The effect of temperature on mercury adsorption has been
reported previously.’> At each set of test conditions, the
initial breakthrough capacity and the 100% breakthrough
capacity were determined. Changes in these capacities at
different conditions provide information about how these
variables might affect mercury removal. Changes in the
initial breakthrough capacity suggest that the adsorption
rate has been affected, while changes in the 100% break-
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through capacity suggest that the equilibrium character-
istics have been affected. These results can be combined
with the theoretical model to eventually predict changes
in mercury removal.

Effect of Mercury Concentration
Figure 3 illustrates the effect of inlet mercuric chloride
concentration and elemental mercury concentration on
the FGD carbon equilibrium adsorption capacities at
baseline conditions (see Table 2). The inlet HgCl, concen-
trations and HgCl, adsorption capacities reported are based
on the mass of mercury rather than the mass of HgCl, so
that the comparison is on an equal molar basis. The data
in Figure 3 show that the FGD carbon adsorption capaci-
ties for mercuric chloride and elemental mercury were
equal at baseline conditions when the HgCl, inlet con-
centration and capacity were expressed in this way. For
both mercury types, the equilibrium adsorption capacity
increased as the inlet mercury concentration increased.
This effect of concentration is consistent with a physical
adsorption mechanism. Data presented in a previous pa-
per showed that the capacity also increased as the tem-
perature decreased for both types of mercury.!® These data
also suggest a physical adsorption mechanism.

FGD carbon had appreciable capacity for mercuric
chloride and elemental mercury even at concentrations
as low as 5 pg/Nm?. This result is important since both
types of mercury are typically present at 5-20 pg/nm? in
coal-fired utility flue gases. Preliminary modeling work
suggests that a capacity of 500 pg/g should be sufficient
to remove mercury from flue gas. The measured capaci-
ties at about 10 pg/nm?3 varied from 200 to 1,000 ug/g.

Although the equilibrium adsorption capacity for el-
emental mercury was equal to that for mercuric chloride at
baseline conditions, elemental mercury was not adsorbed
as efficiently as mercuric chloride. When testing mercuric
chloride, total adsorption (i.e., 100% removal) was generally
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Figure 3. Effect of inlet Hg® and HgCl, concentrations on the FGD
carbon adsorption capacity at 275 °F.

BHE ET AL. EXHIBIT. 1048

ecember 1998
Page 6



achieved until the carbon was saturated and breakthrough
occurred. With elemental mercury, however, typically about
15% breakthrough was observed from the start of the test,
when the carbon was “fresh” until breakthrough occurred
as the carbon became saturated (see Figure 2). These data
suggest that, although FGD carbon has a similar equilib-
rium capacity for elemental mercury and mercuric chlo-
ride, the initial adsorption rate for mercuric chloride is
higher, and therefore, this carbon may be more effective at
removing mercuric chloride than elemental mercury.

Effect of Flue Gas Composition

The FGD carbon adsorption capacity for elemental mer-
cury and mercuric chloride at 275 °F was determined over
a wide range of SO,, HC1, NO_, and H,O concentrations.
During most of these parametric tests, the concentration
of one gas component was varied while the concentrations
of the other flue gas components remained at baseline val-
ues (see Table 2). The effect of HCI, however, was also de-
termined over a range of SO, and NO, concentrations.

Effect of SO,. Figure 4 illustrates the effect of SO, on the
FGD carbon capacity for elemental mercury and mercu-
ric chloride at 275 °F. The inlet mercury concentration
was 60-70 ng Hg/Nm? during the elemental mercury tests
and 30-45 pg Hg/Nm® during the HgCl, tests. The FGD
carbon adsorption capacity for both mercury types de-
creased as the SO, concentration increased from 0 ppm
to about 500 ppm. The capacity for elemental mercury
increased dramatically when SO, was removed entirely
from the gas. Above about 500 ppm SO,, the capacity for
both mercury types did not change significantly as the
SO, concentration increased. Since most full-scale utili-
ties have at least 200 ppm SO, the effect of SO, on capac-
ity may not be practically important.

Effect of HCI. Figure S illustrates the effect of HCI on the
FGD carbon capacity for elemental mercury and mercuric

Carey et al.

chloride at 275 °F with 1,600 ppm SO, in the gas. The
inlet mercury concentration was 53-61 ug Hg/Nm?® dur-
ing the elemental mercury tests and 28-33 ng Hg/Nm?
during the HgCl, tests. As the HCI concentration increased
from O ppm to about 50 ppm, the mercuric chloride ca-
pacity increases, with appreciable adsorption at each HCl
concentration. However, the effect of HCl on the elemen-
tal mercury capacity was more dramatic. Increasing the
HCI concentration from O ppm to 50 ppm increased the
FGD carbon elemental mercury capacity from 0 pg/g to
about 2,500 ng/g. Above about 50 ppm HCI, neither the
elemental mercury nor HgCl, capacity changed signifi-
cantly. The ability of FGD carbon to adsorb elemental
mercury was clearly affected by the HCI concentration at
baseline gas conditions. At low HCI concentrations, es-
sentially no elemental mercury was adsorbed, and the
adsorption capacity for elemental mercury was less than
that of mercuric chloride. At high HCI concentrations,
the elemental mercury capacity was about equal to the
mercuric chloride adsorption capacity (at the same inlet
mercury concentration).

Because elemental mercury adsorption is sensitive to
both the HCl and SO, concentrations, the concentration
of both of these species was varied simultaneously. Figure
6 illustrates the effect of HCI on the elemental mercury
adsorption capacity at various SO, concentrations. The
capacity at O ppm SO, and 50 ppm HCl is not shown since
the capacity was so high (see Figure 4). Figure 6 shows
that the FGD adsorption capacity for elemental mercury
increased as the HCI concentration increased and that the
adsorption capacity was 0 pg/g with no HCI in the gas
regardless of the SO, concentration.

Effect of NO,. Data presented in Figures 4 through 6
were collected with no NO_ in the gas. Figure 7 illus-
trates the effect of NO_on the FGD carbon capacity
for elemental mercury and mercuric chloride at 275
°F with 0 ppm and 50 ppm HCI in the gas. The total
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Figure 4. Effect of SO, concentration on the FGD carbon Hg and
HgCl, adsorption capacities at 275 °F.
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Figure 5. Effect of HCI concentration on the FGD carbon Hg® and
HgCl, adsorption capacities at 275 °F.
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Figure 8. Effect of H,O concentration on the FGD carbon Hg® and
HgCl, adsorption capacities at 275 °F.

NO_ concentration consisted of about 10% NO, and 90%
NO. The inlet mercury concentration was 55-70 pg Hg/
Nm?® during the elemental mercury tests and 33-41 pg
Hg/Nm? during the HgCI, tests. With 50 ppm HCl in the
gas, the FGD carbon capacity for both mercuric chloride
and elemental mercury appeared to decrease after NO_
was added to the gas. For mercuric chloride, the capacity
decreased after adding just 50 ppm NO_and then re-
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mained constant as the NO, concentration was further
increased. For elemental mercury, the capacity appeared
to decrease as the NO_ concentration increased from 0
ppm to 400 ppm. The effect of NO_on elemental mer-
cury adsorption was more dramatic.

With O ppm HCI in the gas, adsorption of mercuric
chloride was not affected after adding 400 ppm NO, to
the gas. However, adsorption of elemental mercury in-
creased from 0 ug/g with no HCI or NO_ in the gas to
about 640 pg/g with 100 ppm NO_and 250 pg/g with 400
ppm NO.. This result is significant because FGD carbon
was able to remove elemental mercury with no HCI in
the gas, provided NO,_ was present. In addition, the effect
of NO, on capacity with no HCl in the flue gas appears to
be opposite of that observed with 50 ppm HCl in the flue
gas. Both HCI and NO,_ clearly affected elemental mer-
cury adsorption.

Effect of H,O. Figure 8 illustrates the effect of water on the
FGD carbon capacity for elemental mercury and mercu-
ric chloride at 275 °F. The inlet mercury concentration
was 35-60 ng Hg/Nm?® during the elemental mercury tests
and 26-41 pg Hg/Nm? during the HgCI, tests. The FGD
carbon adsorption capacity for mercuric chloride increased
significantly after water was removed from the flue gas;
however, since full-scale flue gas streams always contain
at least some water, this result is not practically impor-
tant. Neither mercuric chloride nor elemental mercury
adsorption was significantly affected by variations in wa-
ter concentration from 1% to 10%.

Results shown in Figures 4 through 8 clearly indicate
that flue gas composition affects carbon performance and
that performing adsorption tests under realistic operat-
ing conditions is important. The effect of flue gas compo-
sition on adsorption capacity suggests that the mercury
adsorption mechanism is not purely physical. Interactions
between mercury and flue gas components on the car-
bon surface may be important. Other researchers have gen-
erally done bench-scale mercury adsorption tests in ni-
trogen.*® The results discussed above indicate that tests
conducted in nitrogen will probably produce different re-
sults than tests conducted in simulated flue gas. However,
the effect of SO,, HCI, and NO, on adsorption capacity is
probably sorbent dependent. Other sorbents may not be
affected by these variables if the mercury adsorption
mechanism is different.

Effect of Mercury Oxidation on Elemental
Mercury Adsorption
During most of the elemental mercury adsorption tests,
the percentage of inlet elemental mercury oxidized
across the sorbent bed was determined at 100% break-
through. The percent oxidation was determined using
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the tris solution method described earlier. The inlet el-
emental mercury stream was also checked with tris solu-
tion to verify that the inlet mercury was elemental mer-
cury and not partially oxidized before contacting the sor-
bent. These measurements showed that the inlet mercury
was generally less than 5% oxidized. Oxidation of elemen-
tal mercury across FGD carbon appears to be important
to elemental mercury adsorption.

Figure 9 illustrates the elemental mercury adsorption
capacity of the FGD carbon at 275 °F as a function of
mercury oxidation across the carbon. Data are shown for
baseline tests, variable SO, tests, and variable HCI tests.
None of the data shown were collected with NO_ in the
gas. The data indicate that as oxidation of elemental mer-
cury across the carbon increased, the adsorption capacity
increased. These data follow a relatively tight trend, con-
sidering the wide range of test conditions included.

As presented previously, HCI and SO, affect the equi-
librium adsorption capacity for elemental mercury. The
mechanism by which flue gas HCI and SO, affect mer-
cury adsorption is not known; however, the effect of these
flue gas components on elemental mercury adsorption
appears to be related to changes in mercury oxidation.
Figure 10 shows that as the flue gas HCl concentration
increased (and to a lesser extent as the SO, concentration
decreased), mercury oxidation across the carbon increased.
These data and the data in Figure 9 suggest that the ob-
served effect of HCl and SO, on the adsorption of elemen-
tal mercury was a result of changes in mercury oxidation.

The data in Figures 9 and 10 were obtained with no
NO, in the gas. Figure 10 shows that with no NO, or HCI
in the gas, no elemental mercury was oxidized. Tests in
which NO_was added to the gas resulted in nearly 100%
oxidation, even with no HCl in the gas. Therefore, NO_
significantly affects oxidation of elemental mercury and
appears to eliminate the dependence of oxidation on
HCI. Since oxidation was close to 100% during each
test with NO_ in the gas, Figure 9 suggests that the
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elemental mercury adsorption capacity should be very
high (greater than 3,000 ng/g). However, as shown in Fig-
ure 7, the elemental mercury adsorption capacity varied
from 250 pg/g to over 1,500 pg/g with NO_ in the gas.
Therefore, NO_ appears to alter the effect of oxidation on
elemental mercury adsorption capacity.

Besides the effect of NO , several other aspects of the
observed elemental mercury oxidation/adsorption rela-
tionship are not understood. First, at constant baseline
conditions, oxidation varied from 5% to 100%. No expla-
nation for this variation in oxidation is available. Subtle
differences in the carbon surface from test to test may be
important. Second, the mercury species resulting from
elemental mercury oxidation across the carbon are not
known. Since HCI appears to be important to oxidation
in the absence of NO_ (i.e., no oxidation occurs with no
HCI), the oxidized species was likely mercuric chloride.
However, with NO_ in the gas and no HCI, oxidation also
occurred, which suggests other oxidized species may have
been formed.

Sorbents other than FGD carbon have also been
tested. In general, if a sorbent adsorbs a significant amount
of elemental mercury, oxidation across the sorbent is high.
However, high oxidation does not necessarily mean that
adsorption occurs (i.e., some sorbents oxidize mercury
without adsorbing it). All of these data suggest that el-
emental mercury adsorption, and probably mercuric chlo-
ride adsorption, occurs through a complex mechanism
involving HCI, SO,, NO_, and possibly other flue gas com-
ponents. Since variations in capacity (oxidation) have
been observed in the lab while operating at the same con-
ditions with the same sorbent, subtle differences in ad-
sorption conditions and sorbent surface conditions may
also be important.

CONCLUSIONS
The adsorption of elemental mercury and mercuric chlo-
ride by Norit Americas Darco FGD carbon has been studied
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Figure 9. Effect of mercury oxidation on the FGD carbon Hg°
adsorption capacity at 275 °F and various flue gas conditions.
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Figure 10. Effect of inlet HCl and SO, concentration on elemental
mercury oxidation at 275 °F.
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over a wide range of conditions. The adsorption capaci-
ties for both types of mercury increased as the tempera-
ture decreased and as the inlet mercury concentration
increased. These data are consistent with a physical ad-
sorption mechanism. However, the adsorption capacities
were also affected by flue gas composition, which sug-
gests the mechanism is not purely physical. The FGD car-
bon adsorption capacity for both types of mercury in-
creased as the SO, concentration decreased. Similarly, the
FGD carbon adsorption capacity for both types of mer-
cury increased as the HCI concentration increased; how-
ever, elemental mercury adsorption was affected more
dramatically by HCI and SO, than mercuric chloride ad-
sorption. The elemental mercury adsorption capacity in-
creased from O pg/g at O ppm HCl to 2500 pg/g at 50 ppm
HCI. After NO_was added to the flue gas, the elemental
mercury adsorption capacity decreased with 50 ppm HCI
in the gas and increased with O ppm HCl in the gas. These
results illustrate the importance of testing sorbents under
realistic flue gas conditions. In addition, these results sug-
gest that, contrary to previous results obtained in nitro-
gen,* activated carbon can remove elemental mercury
from flue gas. Oxidation of elemental mercury across the
carbon sorbent appears to be important to mercury ad-
sorption, with high levels of oxidation needed to achieve
high adsorption capacities. Oxidation, and therefore ad-
sorption, is affected by flue gas composition and may also
be affected by unknown factors such as sorbent surface
variations.

Overall, the laboratory test results indicate that acti-
vated carbon has the potential for removing mercury from
flue gas. The actual carbon amount needed for mercury
removal via duct injection depends on the process condi-
tions and removal efficiency required. The carbon amount
required for a given removal efficiency can be determined
directly by conducting injection studies in actual flue gas
or estimated by combining laboratory adsorption data
with mass transfer models.!® Although carbon injection
has the potential for removing mercury from flue gas,
other issues potentially affect the overall effectiveness of
this process and must be considered. Two important is-
sues include the stability of mercury adsorbed to the car-
bon and the impact of carbon injection on operation of
the downstream particulate removal device (ESP or
baghouse) and on subsequent fly ash disposal.

ACKNOWLEDGMENTS

The authors would like to acknowledge the EPRI for fund-
ing this work.

1174 Journal of the Air & Waste Management Association

REFERENCES

1.

wN

o

10.

11.

12.

13.

14.

15.

16.

Mercury in the Environment - A Research Update. EPRI Report TR-
107695, December, 1996.

Chang, R.; Offen, G. Power Engineering 1995, 5, 51-57.

Livengood, C.D.; Huang, H.S.; Wu, J.M. Proceedings of the EPRI/DOE
International Conference on Managing Hazardous and Particulate Air Pol-
lutants; EPRI TR-105749, February, 1997.

Krishnan, S.V,; Gullett, B.K.; Jozewicz, W. Environ. Prog. 1997, 16, 47-53.
Vidic, R.D.; McLaughlin, ].B. J. Air & Waste Manage. Assoc. 1996, 46,
241-250.

Sjostrom, S.; Smith, J.; Hunt, T.; Chang, R.; Brown, T. Presented at the
90" Annual Meeting & Exhibition of the Air & Waste Management
Association, Toronto, Canada, June 8-13, 1997; Paper 97-WA72A.07.
Senior, C.L.; Lawrence, E.B., III; Huffman, G.P.; Huggins, EE.; Shah,
N.; Sarofim, A.; Olmez, I.; Zeng, T.; Presented at the 90" Annual Meet-
ing & Exhibition of the Air & Waste Management Association,
Toronto, Canada, June 8-13, 1997; Paper 97-WP72B.08.

Maskew, ].T.; Rosenhoover, W.A.; Stouffer, M.R.; Vargo, ER.; Withum,
J.A. Preprint ACS Fuel Division, 40(4), 843, 1995.

Dunham, G.E.; Miller, S.J.; Chang, R.; Bergman, P. Paper 96-WP64B.03,
Presented at the 89" Annual Meeting & Exhibition of the Air & Waste
Management Association, Nashville, TN, June 24-27, 1996.
Felsvang, K.; Gleiser, R.; Juip, G.; Nielsen, K.K. Fuel Proc. Technol. 1994,
39, 417.

White, D.M.; Kelly, W.E.; Stucky, M.]J.; Swift, J.L.; Palazzolo, M.A. U.S.
EPA, EPA/600/SR-93/181, January, 1994.

Chang, R.; Meserole, E.; Carey, T.; Hargrove, B.; Richardson, C.; Rostam-
Abadi, M.; Chen, S. Presented at the Air & Waste Management Asso-
ciation Specialty Conference, Clearwater, FL, February 28-March 1,
1996.

Chen, S.; Rostam-Abadi, M.; Chang, R. In Proceedings of the American
Chemical Society; New Otleans, LA, March 23-28, 1996.

Carey, T.R.; Hargrove, O.W., Jr.; Seeger, D.M.; Richardson, C.E; Rhudy,
R.G.; Meserole, EB. Presented at the AIChE Spring National Meeting,
Session 47, New Orleans, LA, February 25-29, 1996.

Carey, T.R.; Hargrove, O.W., Jr.; Richardson, C.F; Chang, R.; Meserole,
EB.; Presented at the 90" Annual Meeting & Exhibition of the Air &
Waste Management Association, Toronto, Canada, June 8-13, 1997;
Paper 97-WA72A.05.

Rostam-Abadi, M.; Chen, S.; Hsi, H-C; Rood, M.; Chang, R.; Carey, T.;
Hargrove, B.; Richardson, C.; Rosenhoover, W.; Meserole, F. Presented
at the EPRI-DOE-EPA Combined Utility Air Pollutant Control Sym-
posium, Parallel Session B, Washington, DC, August 25-29, 1997.

About the Authors

Ramsay Chang is a project manager at the EPRI (3412
Hillview Ave., Palo Alto, CA 94303) and has funded and di-
rected this work. Todd Carey (senior engineer), Oliver
Hargrove, Jr., (principal engineer/project manager), and Carl
Richardson (senior scientist) work for Radian International
(8501 N. Mopac Blvd., Austin, TX 78759) and conducted
this work in Radian’s Austin laboratories. Frank Meserole is
an independent consultant who is developing the predictive
computer model (Meserole Consulting, 8719 Ridgehill Drive,
Austin, Texas 78759).

BHE ET AL. EXHIBIT. 1048

ecember 1998
Page 10





