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ABSTRACT

Oxidized mercury species may be formed in combustion systems through gas-phase
reactions between elemental mercury and halogens, such as chorine or bromine. This
study examines how bromine species affect mercury oxidation in the gas phase and
examines the effects of mixtures of bromine and chlorine on extents of oxidation.
Experiments were conducted in a bench-scale, laminar flow, methane-fired (300 W),
quartz-lined reactor in which gas composition (HCI, HBr, NO, SO;) and temperature
profile were varied. In the experiments, the post-combustion gases were quenched from
flame temperatures to about 350°C, and then speciated mercury was measured using a
wet conditioning system and continuous emissions monitor (CEM). Supporting Kinetic
calculations were performed and compared with measured levels of oxidation.

A significant portion of this report is devoted to sample conditioning as part of the
mercury analysis system. In combustion systems with significant amounts of Br; in the
flue gas, the impinger solutions used to speciate mercury may be biased and care must be
taken in interpreting mercury oxidation results. The stannous chloride solution used in the
CEM conditioning system to convert all mercury to total mercury did not provide
complete conversion of oxidized mercury to elemental, when bromine was added to the
combustion system, resulting in a low bias for the total mercury measurement. The use of
a hydroxylamine hydrochloride and sodium hydroxide solution instead of stannous
chloride showed a significant improvement in the measurement of total mercury.

Bromine was shown to be much more effective in the post-flame, homogeneous
oxidation of mercury than chlorine, on an equivalent molar basis. 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,
concentrations of 400 ppmv and higher. In contrast, SO, concentrations as low as 50
ppmv significantly reduced mercury oxidation by bromine, this reduction could be due to
both gas and liquid phase interactions between SO, and oxidized mercury species. The
simultaneous presence of chlorine and bromine in the flue gas resulted in a slight increase
in mercury oxidation above that obtained with bromine alone, the extent of the observed
increase is proportional to the chlorine concentration. The results of this study can be
used to understand the relative importance of gas-phase mercury oxidation by bromine
and chlorine in combustion systems.

Two temperature profiles were tested: a low quench (210 K/s) and a high quench (440
K/s). For chlorine the effects of quench rate were slight and hard to characterize with
confidence. Oxidation with bromine proved sensitive to quench rate with significantly
more oxidation at the lower rate.

The data generated in this program are the first homogeneous laboratory-scale data on
bromine-induced oxidation of mercury in a combustion system. Five Hg-Cl and three Hg-
Br mechanisms, some published and others under development, were evaluated and



compared to the new data. The Hg-halogen mechanisms were combined with sub-
mechanisms from Reaction Engineering International for NOy, SOy, and hydrocarbons.
The homogeneous kinetics under-predicted the levels of mercury oxidation observed in
full-scale systems. This shortcoming can be corrected by including heterogeneous
kinetics in the model calculations.
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EXECUTIVE SUMMARY

Laboratory studies show that increasing the chlorine content of combustion exhaust gases
results in an increase in the amount of mercury in the exhaust gas in an oxidized
form.>234 Utility boiler field-test data show that the chlorine content of the coal has some
impact on the speciation of mercury at the inlet to the air pollution control device(s).>®
Comparatively little has been published about the effects of bromine on mercury
speciation.”® The impacts of bromine and chlorine on mercury speciation in combustion
systems are significantly different. We observed 5 percent mercury oxidation with 400
ppmv chlorine (as HCI equivalent) and more than 80 percent with 50 ppmv bromine (as
HBr equivalent). When both bromine and chlorine are present, a slight increase in
mercury oxidation is observed. The extent of oxidation by bromine was dependent on the
temperature profile and appeared to be sensitive to SO,. Sulfur dioxide appears to
decrease the level of oxidation by bromine when SO, is present at concentrations below
about 200 ppm, but it is not known whether this effect is due to gas-phase reactions or
aqueous-phase impinger chemistry in the sample conditioning system.

A major portion of this project was devoted to improving the sampling conditioning

system so that it would function in the presence of bromine. The usual configuration for

the total-mercury side of the conditioning system was an impinger containing 5 wt %
SnCl;and 3 wt % HCI in water, followed by an impinger containing NaOH. This
configuration resulted in consistently low total mercury readings and was replaced with

an impinger containing 4 wt % of NH,OH*HCI and 20 wt % NaOH, followed by a 5 wt %
NaOH solution. The measurements obtained with this new configuration were

reproducible for periods of up to two hours and showed a total mercury level that was
about 15 % low.

Similarly, the traditional configuration for the elemental-mercury side of the conditioning
system was 10 wt % KCI in water, followed by an impinger containing NaOH. We
observed a bias on the elemental side of the measurement system when chlorine was
added as an oxidant and no SO, was present. This bias was overcome by adding 0.5 wt %
sodium thiosulfate to the KCl-water solution. In order to test for a similar bias when
bromine was used as the oxidant, experiments were performed in which the compositions
of the solutions on the elemental side of the conditioning system were varied. These tests
supported the use of 10 wt % KCI and 0.5 wt % sodium thiosulfate in water, followed by
an impinger containing NaOH, when bromine is present.

The presence of SO, resulted in an apparent reduction in mercury oxidation by bromine,
even at concentrations as low as 50 ppm SO,. SO,concentration measurements made
along the reactor and conditioning system as well as the results of injecting SO, at
different points along the system, indicated that the observed inhibitory effect of SO, was
due to interactions between SO, and oxidized mercury species in the KCI solution on the
elemental side of the conditioning system. The effect of SO, was reduced by adding an
additional NaOH impinger before the KCI impinger.
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The data collected in this study show that bromine is a more powerful oxidant than
chlorine on an equivalent molar basis. Chlorine concentrations as high as 500 ppm gave
less that 10 percent oxidation while bromine concentrations as low as 20 ppm resulted in
80 percent. The extent of mercury oxidation by mixtures of bromine and chlorine was
dominated by the bromine with only slight increases upon addition of chlorine.

Two quench rates were examined: 210 and 440 K/s. The effect of quench rate in the post-
flame region of the reactor was slight and highly uncertain for chlorine. For bromine, the
lower quench rate produced significantly more oxidation.

The effects of NOx on oxidation by chlorine and bromine were negligible. The effect of
SO, had little impact on oxidation by chlorine except when the chlorine concentration
was greater than 400 ppm (as HCI equivalent). Understanding the effects of SO, on
oxidation by bromine was complicated by impinger chemistry as noted above.

The data generated in this program are the first homogeneous laboratory-scale data on
bromine-induced oxidation of mercury in a combustion system. Five Hg-Cl and three Hg-
Br mechanisms were evaluated and compared to the new data. The Hg-halogen
mechanisms were combined with sub-mechanisms from Reaction Engineering
International for NOx, SOx, and hydrocarbons. The homogeneous kinetics under-
predicted the levels of mercury oxidation observed in full-scale systems. This
shortcoming can be corrected by including heterogeneous kinetics in the model
calculations.
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INTRODUCTION

At flame temperatures, mercury exists entirely in its elemental form (Hg°). In the absence of
halogens, mercury tends to remain in the elemental form as the combustion gases cool. The
elemental form is difficult to remove from exhaust gases. Oxidized forms of mercury, such as
HgCl, and HgBr», are easily removed from flue gases using existing air pollution control
equipment. They are also readily adsorbed by carbon-based sorbents. There is considerable
experimental and theoretical evidence that the oxidation of mercury in combustion systems can
be achieved by the direct injection of bromine-containing compounds. The data show that
bromine is much more effective than chlorine at oxidizing Hg®. The objectives of this project are
(1) to understand the fundamental gas-phase chemistry of chlorine, bromine, and mercury that
leads to the oxidized forms, HgCl,, HgBr,, and possibly HgCIBr, and (2) to be able to predict the
extent of oxidation for industrial applications of the technology.

The project investigated halogen-mercury chemistry in experiments conducted in a bench-scale,
natural gas-fired, flow reactor. Key parameters that were considered included the temperature
profile in the reaction zone, and the concentrations of NO,, SO,, and the chemistry of the
conditioning system used to prepare gas-phase samples for analysis by atomic fluorescence. The
heterogeneous oxidation of mercury on char and activated carbon was not included in this study
because of the physical limitations of the reactor.

Various kinetic schemes for homogeneous oxidation were compared to the experimental results.
Comparison of the optimum kinetics scheme with full-scale data showed that gas-phase kinetics
do not accurately predict mercury behavior in full-scale systems. Heterogeneous kinetics are
necessary to accurately model mercury behavior in those systems.

EXPERIMENTAL SECTION

The homogeneous mercury reactor is shown schematically in Figure 1 along with
associated equipment. The reactor consists of a 50-mm OD x 47-mm ID quartz tube (132
cm in length) located along the center of a high-temperature Thermcraft heater. The tube
extends 79 cm below the heater, is temperature controlled, and has a quartz sampling
section attached at the bottom with a capped end. The peak gas temperature in the
electrically heated zone was about 1080°C. The reactor was operated with two
temperature or quench profiles: 210 and 440 K/s. The former will be referred to as low
quench (LQ) and the latter as high quench (HQ). The profiles are given in Figure 2 and
were obtained by adjusting the current supplied to the heaters surrounding the bottom 79
cm of the quartz tube.

A 300-W, methane-fired, premixed burner made of quartz glass supplied realistic
combustion gasses to the reactor. All reactants were introduced through the burner and
passed through the flame to create a radical pool representative of real combustion
systems. The burner provided 3.7 SLPM of combustion gases. To study the effects of flue
gas components such as SO,, NO, NO,, HCI, and HBr, different concentrations of these
or related species were introduced through the burner.



A Tekran 2537A Mercury Analyzer, coupled with a wet sample conditioning system
designed by Southern Research Institute (SRI), provided measurement of total and
elemental mercury in the exhaust gas and is shown in Figure 3. Sample gas was pulled in
two streams from the last section of the quartz-lined reactor into a set of conditioning
impingers. In the standard configuration of the conditioning system, one stream was
bubbled through a solution of stannous chloride to reduce the oxidized mercury to
elemental form, followed by a solution of sodium hydroxide to remove acid gases. This
stream was analyzed to give the total mercury concentration in the sample. The second
stream was first treated with a solution of potassium chloride to remove oxidized mercury
species, followed by a solution of sodium hydroxide for acid gas removal. This stream
was analyzed to give the elemental mercury concentration in the sample. Oxidized
species were calculated by the difference between total and elemental mercury
concentrations. A chiller removed water from the sample gas and each stream was
intermittently sent to the analyzer.

The experiments were performed with different dopants added through the burner. Before
adding these, the baseline mercury level at the furnace outlet was checked using a
material balance. Experiments were generally repeated at least three times. The error bars
shown in the figures below are sample standard deviations.

Table 1 gives the flue gas composition for the experiments. The gas composition was not
intended to duplicate the flue gas in coal-fired power plants; the intent of this work was to
study reactions of mercury and common flue gas species in a well-controlled system. All
species that were added to the reactor (SO, NO, Cl,, Hg®, and Br,) passed through the
flame. Their subsequent speciation depended on flame chemistry as well as on the
temperature profile in the reactor.



—

Flashback Arrestor

Filters : 47
Compressed PS Analytical
Air D—HT Mercury Cal Solenoid Valve
Pressure Gas Generator
Regulator
Mass Flow Controllers
[}
[}
1
Rotameter
Cly/ || SO,/
Air || Air
CH, Cal || Cal MO
Gas || Gas
: Data
- Acquisition
0,
Analyzer
NO
Analyzer
co Mercur_y
Analyzer Analysis
. System
Cco,
Analyzer

uv

[] Detector
Support
Tee & M
Blowoff h Purge
Nozzle - F Nozzle

Thermcraft
Heater

44444444444444444444444444444444444444 -\j

Figure 1. Sketch of the homogeneous mercury reactor®.
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Table 1. Flue Gas Compositions.

Species | Concentration

o)) 0.8 vol%

H,0 16.5 vol%

CO, 7.7 vol%

NO 30, 500 ppmv

SO, 0-500 ppmv

HCI* | 0-500 ppmv

HBr** | 0-50 ppmv

Hg’ 25 pg/Nm?® (1
atm and 0°C)

*Assuming all chlorine added as HCI
**Assuming all bromine added as HBr



RESULTS AND DISCUSSION
Effect of Impinger Chemistry

We and other researchers have observed that the impinger solutions used in a wet
conditioning system for measurement of mercury via a CEM can affect the
concentrations of total and elemental mercury as reported by the CEM. Previously, we
corrected a bias in the measurement of elemental mercury when chlorine was added
through the burner as an oxidant for mercury.**

Benson et al.™ noted that total mercury measurements were biased low when bromine
was added to the combustion system in a coal-fired power plant. In the laboratory reactor,
the same effect was noted. Figure 4 illustrates this point with CEM data from an
experiment in which bromine (as Br,) was added through the burner. At the start of the
experiment, the total mercury at the reactor exit is ~25 pg/m?>. There is no net oxidation
of mercury across the reactor, so the elemental mercury is equal to the total mercury.
When bromine is added through the burner, the total and elemental mercury
concentrations quickly decrease, but recover once the bromine is turned off. The decrease
in total mercury increases as bromine concentration is increased. Similar decreases in the
total mercury were not observed in parallel tests with chlorine.

In order to explore this bias in the measurement of total mercury when bromine was used,
the compositions of the solutions on the total side of the conditioning system were
modified. For these experiments, the bromine concentration was 50 ppmv (as HBr
equivalent), the NO concentration was ~30 ppmv, and the total Hg concentration entering
the reactor was 25 pg/m°. The usual configuration for the total side was an impinger
containing 5 wt % SnCl,and 3 wt % HCI in water, followed by an impinger containing
NaOH. The solution in the first impinger was modified or, in some cases, additional
impingers were added to improve the reduction from total to elemental mercury. The
results of these modifications are shown in Figures 5, 6, and 7, each examining a different
factor: (1) different concentrations of the SnCl,-HCI solution in Figure 5, (2) additional
NaOH impingers on the total side of the conditioning system in Figure 6, and (3) the use
of a hydroxylamine hydrochloride-sodium hydroxide (NH,OH*HCI-NaOH) solution
instead of the SnCl,-HCI solution in Figure 7. In all cases, the SnCl,-HCI or the
NH,OH*HCI-NaOH impinger was followed by a 5 wt % NaOH impinger.
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Figure 4. Measured total (HgT) and elemental mercury (Hg0) versus time, with and
without bromine injection through the burner, obtained with the high quench temperature
profile. The total mercury concentration should be constant at 25 pg/m®,

Figure 5 shows the measured decrease in total mercury with concentrations of SnCl,-HCI
ranging from 3 to 10 wt. percent. The decreases in total mercury were calculated using
the difference between the total side value and the baseline concentration of 25 pg/m®.
No SO, was added to the reactor and there was 30 ppmv NO and 50 ppmv bromine (as
HBr equivalent). Figure 5 shows that none of the conditions tested caused a significant
improvement in the total mercury concentration. In an ideal conditioning system, there
would be no decrease in total mercury.
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bromine (as HBr equivalent), 30 ppmv NO, and the high quench temperature profile.

Figure 6 shows the decrease in total mercury concentration when additional NaOH
impingers were installed before the SnCl,-HCI impinger. It was hoped that the additional
NaOH impinger would remove Br; before it reached the SnCl, impinger by the reaction

Br, + 2NaOH = NaBr + NaOBr + H,0,

and possibly help promote the reduction of HgBr, to Hg® in the downstream SnCl,
impinger. The decrease in total mercury concentration in Figure 6 was calculated using
the difference between the total side value and the baseline concentration of 25 pg/m®.
No SO, was added to the reactor and there was 30 ppmv NO and 50 ppmv bromine (as
HBr equivalent). The decrease in the total mercury concentration obtained with the use of
additional NaOH impingers is greater than those shown in Figure 5, although this may be
partly due to scatter in the data.
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equivalent), 30 ppmv NO, and the high quench temperature profile.

Figure 7 shows the measured decrease in total mercury concentration with 50 ppm
bromine (as HBr equivalent), when different mixtures of NH,OH*HCI and NaOH were
used instead of the standard SnCl,-HCI solution. Hydroxyl amine hydrochloride has been
used for mercury concentration measurements with urine, blood, and hair samples 234,
mostly as an stabilizing agent. It is also a commonly used reducing agent for various
applications in synthetic and analytical chemistry.

The decrease in total mercury concentration shown in Figure 7 was calculated using the
difference between the total side value and the baseline concentration of 25 ug/m®. No
SO, was added to the reactor and there was 30 ppmv NO. As shown by the figure, the use
of a solution 4 wt % NH,OH*HCI and 20 wt % NaOH allowed the measurement of total
mercury concentration with a decrease of just 15 percent. The stability of the total
mercury levels was observed for periods of 2 hours; after 2 hours, the total levels started
to decrease. This decrease could be due to deposition of mercury on the reactor and
impinger walls. The presence or absence of a NaOH impinger after the NH,OH*HCI -
NaOH impinger did not make any difference in the measured total mercury
concentrations. Based on these encouraging results, a solution of 4 wt % NH,OH*HCI



and 20 wt % NaOH was used for all subsequent experiments in which bromine was
present in the system.
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Figure 7. Losses in total mercury using a solution of NH,OH*HCI - NaOH instead of
SnCl,-HCI on the total mercury side of the sample conditioning system with 50 ppmv
bromine (as HBr equivalent), 30 ppmv NO, and the high quench temperature profile.

We also observed a bias on the elemental side of the measurement system when chlorine
was added as an oxidant and no SO, was present. This bias was eliminated for chlorine
by using an impinger solution consisting of 10 wt% KCI and 0.5 wt% sodium thiosulfate
in water, followed by an impinger containing NaOH. In order to test for this bias when
using bromine, experiments were performed in which the compositions of the solutions
on the elemental side of the conditioning system were varied. For these experiments, the
bromine concentration was 50 ppmv (HBr equivalent), the NO concentration was ~30
ppm, and the total Hg concentration entering the reactor was 25 pug/m?®. The default
configuration for the elemental side was an impinger containing 10 wt% KCI and 0.5 wt%
sodium thiosulfate in water, followed by an impinger containing NaOH. The solution in
the first impinger was modified or, in one case, the first impinger was eliminated and
only the NaOH impinger was used on the elemental mercury side.



The solutions in the first impinger included (1) the standard configuration of 10 wt% KCI
and 0.5 wt% sodium thiosulfate in water, followed by an impinger 5 wt % NaOH; (2) the
standard configuration without the sodium thiosulfate; (3) replacement of the KCI and
sodium thiosulfate with 12 wt % of tris (hydroxymethyl) aminomethane (THAM) and 0.3
wt % ethylenediamine tetra acetic acid (EDTA); and (4) a single impinger containing 5
wt % sodium hydroxide.

Figure 8 shows the measured decrease in elemental mercury, calculated from the
elemental mercury reported by the CEM and the baseline elemental mercury
concentration of 25 pg/m®. The composition of the impinger solutions used here does not
significantly affect the measured mercury speciation when bromine is added to the
reactor in the absence of SO..

100

%Decrease in Hg®

Figure 8. Decrease in elemental mercury using different impinger solutions on the
elemental mercury side of the sample conditioning system with 50 ppmv bromine (as
HBr equivalent), 30 ppmv NO, and the high quench temperature profile.

The elemental side of the conditioning system was also modified by the addition of one
impinger or, in some cases, a packed bed of NaOH to study the apparent inhibition of
mercury oxidation by bromine in the presence of SO,. The default configuration for the
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elemental side was an impinger containing 10 wt% KCI and 0.5 wt% sodium thiosulfate
in water, followed by an impinger containing NaOH. The modifications included (1) an
additional impinger of 5 wt % NaOH solution before the KCI impinger in the standard
configuration and (2) a bed with 40 grams of NaOH pellets heated to 120°C before the
KCI impinger in the standard configuration. The objective of these modifications was to
remove the SO, before it reached the KCI impinger and thus prevent liquid-phase
inhibition of mercury oxidation by bromine in the presence of SO.

Figure 9 shows the effect of SO, on mercury oxidation by bromine with two different
configurations of the elemental-side conditioning system: the usual configuration and one
in which an additional NaOH impinger was incorporated before the KCI impinger. As
shown in Figure 9, at SO, concentrations higher than 200 ppm, there is no effect of SO,
on mercury oxidation by bromine; however, the addition of either 50 ppm or 100 ppm
SO, causes a significant reduction in the extent of oxidation. The magnitude of the
change is tempered by the addition of the NaOH impinger in front of the KCI impinger. It
was hoped that the additional NaOH impinger would remove SO, from the sample stream
and possibly prevent the reduction of oxidized mercury by SO, in the KCI impinger.
Figure 9 suggests that the additional NaOH impinger may be having this effect, at least at
lower SO; levels.

11
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Figure 9. Effect of SO, on mercury oxidation by bromine with and without an additional
NaOH impinger before the KCI impinger on the elemental side of the conditioning
system at 50 ppmv bromine (as HBr equivalent), 30 ppmv NO, and with the high quench
temperature profile.

Because liquid-phase reactions appear to be responsible for the effects seen in Figure 9,
the SO,-scrubbing, NaOH impinger was replaced with a heated bed of 40 grams of
NaOH pellets at 120°C. As shown in Figure 10, the apparent inhibitory effect of SO, on
mercury oxidation by bromine is still observed and is similar to that shown in Figure 9.
Additional experiments are planned to measure SO, levels before the KCI impinger in
order to determine the effectiveness of the NaOH bed and impinger at removing SO,.
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Figure 10. Effect of SO, on mercury oxidation by bromine using a packed bed of NaOH
pellets at 120°C before the KCI impinger on the elemental side of the conditioning system.
The reactor conditions were 50 ppmv bromine (as HBr equivalent), 30 ppmv NO, and
high quench temperature profile.

Effects of Mixtures of Bromine and Chlorine on Homogeneous Oxidation

Bromine is a more powerful oxidant than chlorine, on an equivalent molar basis. This has
been observed in full-scale power-plant trials'®*® and can be seen in the laboratory data in
Figure 11 that were obtained at the high and low quench rates. No NO or SO, was added
to the burner in these experiments, although the methane flame produced approximately
30 ppmv NO. Little or no effect of quench rate was noted.

Cao et al. **'" suggested that the simultaneous presence of bromine and chlorine can also
affect the extent of mercury oxidation due to interhalogen species interactions with
elemental mercury. Based on experimental oxidation levels that were higher than
expected, they suggested that bromine is able to increase mercury oxidation kinetics by
promoting the formation of activated chlorine. We performed experiments to study the
combined effect of bromine and chlorine on mercury oxidation and typical results
obtained at the high quench rate are summarized in Figure 12. There is a slight increase
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in mercury oxidation in the presence of chlorine at either 100 or 400 ppmv. The increase
is roughly proportional to the concentration of chlorine in the system.
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Figure 11. Homogeneous mercury oxidation with the addition of chlorine or bromine, 30
ppmv NO at high and low quench rates.
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Figure 12. Homogeneous mercury oxidation at various concentrations of chlorine and
bromine and 30 ppmv NO. The high quench temperature profile was used.

% Mercury oxidation

Effect of Quench Rate

The quench rate in the post-flame region affects the concentrations of free radicals, like
Cl or Br, that are thought to initiate oxidation of Hg® in the gas-phase.'® The effect of
quench rate is illustrated in Figures 13 and 14, for oxidation by chlorine and bromine. For
chlorine the differences are slight and highly uncertain, given the low levels of oxidation
and the experimental uncertainties. Reaction with bromine produces significantly more
oxidation of mercury at the lower quench rate than at the higher.
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Figure 13. Oxidation of mercury by chlorine as a function of quench rate with 30 ppmv
NO.
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Figure 14. Oxidation of mercury by bromine as a function of quench rate with 30 ppmv
NO.
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The quench rate also changes the relative importance of chlorine when both bromine and
chlorine are present. Figure 15 shows the results of six experiments that were conducted
with 25 ppm bromine (as HBr equivalent) and chlorine concentrations ranging from zero
to 400 ppm (as HCI equivalent). The increase in oxidation that can be attributed to the
chlorine is more pronounced for the low quench profile than for the high.
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Figure 15. Oxidation of mercury by bromine and chlorine as a function of quench rate
and chlorine concentration with 30 ppmv NO and a constant bromine concentration of 25
ppm (as HBr equivalent).

Effect of Acid Gas Species

In coal-fired power plants, NOy concentrations can be in the range of 50 to 1000 ppmv,
depending on the type of NOy control system employed. Nitrogen oxides typically
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consists of 5-10% NO, with the balance NO. The laboratory reactor produces about 30
ppmv NOy (of which most is NO). In some experiments, additional NO was added
through the burner, to produce up to 500 ppmv NO (again, mostly NO). SO,
concentrations in coal-fired power plants vary widely from 300 ppmv up to 3,000 ppmv.
In the laboratory reactor, up to 500 ppmv SO, was added, by injecting SO, through the
methane-fired burner.

Figure 16 shows the effect of NO and SO, on mercury oxidation by chlorine. Increasing
the NO concentration from 30 ppmv to 500 ppmv had little or no effect on mercury
oxidation by chlorine, within experimental error. Adding SO, at 400 ppmv did not affect
mercury oxidation by chlorine when the chlorine concentration was 300 ppmv
(equivalent HCI) or less. However, at concentrations greater than 400 ppmv HCI, there
was an increase in mercury oxidation with the addition of SO,.

Smith et al.* observed inhibition or enhancement of mercury oxidation by chlorine when
SO, was added to a laboratory methane-fired furnace; the effect depended on the
concentrations of SO, and HCI. There was little effect of SO, at 400 ppmv SO, up to 550
ppmv HCI. However, at lower concentrations of SO, (100-200 ppmv), Smith reports that
SO, did have an effect on the level oxidation.

The results in Figure 17 show that the addition of NO did not affect oxidation by bromine.
This agrees with the results shown for chlorine in Figure 16.
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Figure 16. Effect of SO, and NO on mercury oxidation by chlorine: (a) low quench rate;
(b) high quench rate.

Discerning the effects of SO, on the oxidation of mercury by bromine were complicated
by impinger chemistry. For example, Wang et al. * suggests that, under atmospheric
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conditions, elemental mercury can be oxidized by bromine in the aqueous phase, the
extent of the oxidation depending on the pH. The pH determines the predominant
bromine species in the solution. It has been also proposed 2°?222324 that some of the
mercury oxidized by bromine can be reduced to the elemental state by species derived
from SO, in the aqueous solution. To study these liquid-phase interactions and the overall
effect of SO, on mercury oxidation by bromine, several experiments were performed
with SO, injected through the burner and through the impinger on the elemental side of
the conditioning system. The SO, concentration at different points along the reactor and
conditioning system was also measured to better understand the fate of SO..

Figure 18 shows the measured values of mercury oxidation by bromine at different SO,
concentrations for two sets of experimental conditions; one is with the SO injected as
usual through the methane burner. The other is with SO, injected through the KCI
impinger on the elemental side of the conditioning system. There is not a significant
difference in levels of oxidation for the two conditions. This suggests that the effect of
SO, on mercury oxidation by bromine is due liquid-phase reactions in the KCI impinger.
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Figure 17. Effect of NO on mercury oxidation by bromine at high quench rate.
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Figure 18. Effect of SO, on mercury oxidation by 45 ppm bromine (as HBr equivalent)
using the high quench temperature profile. In one case the SO, was added through the
burner, in the other it was added directly to the KCI impinger.

Measurements of SO, concentration were made before and after the two impinger
solutions on the elemental side of the conditioning system to determine where SO, was
being consumed. The flow of SO, to the burner was set by a mass flow controller and the
measurements were done using a non-dispersive infrared gas analyzer (Model 600,
California Analytical Instruments Inc.). Figure 19 shows the sampling points. The first is
before the KCI impinger, the second is after the KCI impinger, and the third is after the
NaOH impinger.

No SO, was detected in the samples taken from the third location, indicating that the
NaOH impinger removes all SO, from the sample stream before it proceeds to the chiller.
Figure 20 shows SO, concentrations with and without bromine for the first (before the
KCI impinger) and second (after the KCI impinger) locations. In the absence of bromine,
little SO, is removed by the KCI impinger. In the presence of 50 ppm bromine (as HBr
equivalent) an average of 25 ppm SO, is removed in the KCI impinger for SO,
concentrations ranging from 200-400 ppm. This reduction suggests that SO, may be
reacting with Br; in the KCI impinger. A known reaction between bromine and SO, is

SO,(g) + Bra(g) + 2H.0(I) = 2HBr(aq) + H2S04(aq)
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According to Ishikawa et al.?*, this reaction is used to produce lab-scale quantities of HBr.
Velzen et al.?® performed vapor-liquid equilibrium calculations and noted that at low
concentrations of sulfuric acid in the liquid, only traces of SO, and Br, remained in the
gas at equilibrium.
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Figure 19. Sample points for SO, measurements.
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Figure 20. SO, concentration measurements with and without 50 ppm bromine (as HBr
equivalent) using the high quench temperature profile.
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Figure 18 shows an apparent dramatic decline in Hg oxidation by bromine in the presence
of SO,. In the previous section on impinger chemistry, Figures 9 and 10 show that this
decline can be mitigated by the placement of a NaOH impinger or heated bed of NaOH
pellets before the KCI impinger. It is not known why the effect of adding SO, through the
burner decreases or disappears entirely at SO, concentrations above 200 or 300 ppm.

Modeling Gas-Phase Kinetics of Mercury Oxidation by Halogens

The laboratory data generated in this program are the first homogeneous data on halogen-
induced oxidation of mercury in a combustion system. Laboratory experiments have been
performed at fixed temperatures under batch conditions.?” Slipstream data taken at a coal-
fired power plant have been reported,” in which HBr(g) was added to coal combustion
flue gas. The presence of ash in these experiments calls into question whether the
reported oxidation was truly homogeneous. Thus, the data generated in this program
represent a unique opportunity to validate homogeneous kinetic models.

Several detailed, homogeneous, mercury-halogen kinetic mechanisms are available in the
literature or are currently under development. Five Hg-Cl and three Hg-Br mechanisms
were evaluated and compared to gas-phase experimental data taken at the University of
Utah. The various kinetic mechanism tested are shown in Table 2 through Table 9. The
kinetic parameters shown are for the modified Arrhenius rate equation, shown in
Equation 1.

k=AT"exp| ——2
o[-

E
T j (1)

Table 2. UConn Hg-Cl kinetic mechanism,?%331:32

Reaction A (mol-cm-s-K) | n E. (cal/mol)
HG+CL+M=HGCL+M 9.00E+15 0510
HG+CL2=HGCL+CL 3.26E+10 0 | 22800
HG+HOCL=HGCL+0OH 3.43E+12 0 [12790
HG+HCL=HGCL+H 4,94E+14 0 | 79300
HGCL+CL2=HGCL2+CL 2.02E+14 0 [3280
HGCL+HCL=HGCL2+H 4,94E+14 0 | 21500
HGCL+CL+M=HGCL2+M 1.16E+16 0510
HGCL+HOCL=HGCL2+0OH 4.27E+13 0 [1000
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Table 3. Wilcox Hg-Cl kinetic mechanism.

33,34

Reaction A (mol-cm-s-K) | n E. (cal/mol)
HGCL+M=HG+CL+M 4.25E+13 0 16100
HG+CL2=HGCL+CL 1.34E+12 0 42800
HG+HOCL=HGCL+OH 3.09E+13 0 36600
HG+HCL=HGCL+H 2.62E+12 0 82100
HGCL+CL2=HGCL2+CL 2.47E+10 0 0
HGCL+HCL=HGCL2+H 3.11E+11 0 30270
HGCL2+M=HGCL+CL+M 2.87E+13 0 80600
HGCL+HOCL=HGCL2+OH 3.48E+10 0 0
HGCL2+M=HG+CL2+M 3.19E+11 0 87000

Table 4. Helble 2007 Hg-Cl kinetic mechanism.

Reaction A (mol-cm-s-K) | n | E, (cal/mol)
HG+CL+M=HGCL+M 1.92E+13 1 |2130
HG+CL2=HGCL+CL 4.52E+13 0 |35994
HG+HOCL=HGCL+OH 2.70E+14 0 |[31801
HG+HCL=HGCL+H 2.76E+15 0 |79782
HGCL+CL2=HGCL2+CL 2.45E+05 2.4 | -2353
HGCL+HCL=HGCL2+H 2.49E+13 0 | 24967
HGCL+CL+M=HGCL2+M 1.66E+12 1 |-1203
HGCL+HOCL=HGCL2+OH 3.28E+05 2.4 | 294
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Table 5. Bozzelli 2010 Hg-Cl kinetic mechanism.

Reaction A (mol-cm-s-K) | n E. (cal/mol)
HG + CL <=> HGCL 5.54E+14 -0.24 | 1217
HG + CL2 = HGCL + CL 1.92E+16 -0.67 | 31617
HG + HOCL = HGCL + OH 2.50E+12 0 32000
HG + HCL = HGCL + H 4.94E+14 0 79300
HGCL + CL2 =HGCL2 + CL 1.39E+14 0 1000
HGCL + HCL <=>HGCL2 + H 8.50E+11 0 23500
HGCL + CL <=> HGCL?2 1.23E+18 -4.54 | 1142
HGCL + HOCL <=> HGCL2 + OH 6.20E+11 0 2000
HG + CLO =HGO + CL 1.38E+12 0 8320
HG + CL2 = HGCL?2 2.68E+23 -3.57 | 13042
HGCL + OH <=> HGOHCL 6.77E+25 -9.17 | 593
HGCL + OH <=> HGOH + CL 1.07E+23 -4.17 | 2017
HGOHCL <=> HGOH + CL 3.81E+30 -5.62 | 66104
HGOH + CL <=> HGO + HCL 1.00E+13 0 10000
HGOHCL + CL <=>HGCLO +
HCL 1.00E+13 0 12000
HGOHOH + CL <=>HGOHO +
HCL 1.00E+13 0 12000
HGOHCL + OH = HGCLO + H20 2.45E+12 0 4100
HGO + HCL = HGCL + OH 9.63E+04 0 8920
HGO + HOCL = HGCL + HO2 4.11E+13 0 60470
Table 6. Xu 2003 Hg-Cl kinetic mechanism.*®
Reaction A (mol-cm-s-K) n | E, (cal/mol)
HG +CL + M =HGCL + M 2.40E+08 1.4 | -1.44E+04
HG + CL2 = HGCL + CL 1.39E+14 0 | 3.40E+04
HG + HOCL = HGCL + OH 4.27E+13 0 | 1.90E+04
HG + HCL = HGCL +H 4.94E+14 0 | 7.93E+04
HGCL + CL2 =HGCL2 + CL 1.39E+14 0 |1.00E+03
HGCL + HCL = HGCL2 + H 4.94E+14 0 |215E+04
HGCL+CL+ M =HGCL2+M 2.19E+18 0 |3.10E+03
HGCL + HOCL = HGCL2 + OH 4.27E+13 0 | 1.00E+03
HG + CLO=HGO + CL 1.38E+12 0 |8320
HGO + HCL = HGCL + OH 9.63E+04 0 18920
HGO + HOCL = HGCL + HO2 4.11E+13 0 |60470
HG + CLO2 = HGO + CLO 1.87E+07 0 |51270
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Table 7. Niksa Hg-Br kinetic mechanism.*

Reaction A (mol-cm-s-K) | n E. (cal/mol)
HG+BR+ M =HGBR + M 6.94E+14 0510

HG + BR2 = HGBR + BR 1.15E+14 0 |31800
HG + HBR = HGBR + H 3.78E+14 0 | 75700
HG + BROH = HGBR + OH 3.52E+13 0 36900
HGBR + BR2 = HGBR2 + BR 1.11E+14 0 [500
HGBR + BR + M = HGBR2 + M 8.83E+14 05|0
HGBR + HBR = HGBR2 + H 1.16E+07 2.5 | 28100
HGBR + BROH = HGBR2 + OH 3.47E+13 0 | 5500
HGBR + CL2 = HGBRCL + CL 1.39E+14 0 |100
HGBR + HOCL = HGBRCL + OH 4.27E+13 0 3300
HG + BRCL = HGBR + CL 1.39E+14 0 |32100
HGBR + CL + M =HGBRCL + M 1.16E+15 0510
HGBR + HCL = HGBRCL + H 4.64E+03 2.5 | 18200
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Table 8. Bozzelli 2006 Hg-Br kinetic mechanism.

A (mol-cm-s-
Reaction K) n E. (cal/mol)
HG + BR + M <=>HGBR + M 2.93E+15 0 0
BR + HGBR = BR2 + HG 1.39E+13 0 2100
H + HGBR <=> HBR + HG 2.70E+13 0 2300
OH + HGBR <=> BROH + HG 3.27E+12 0 1000
HGBR + BR2 <=> HGBR2 + BR 7.39E+12 0 1000
HGBR + BR + M <=> HGBR2 + M 4.60E+16 0.5 0
HGBR2 + H <=> HGBR + HBR 4.64E+03 2.5 1910
HGBR + BROH <=> HGBR2 + OH 2.27E+12 0 1700
HGBR + CL2 = HGBRCL + CL 6.70E+12 0 1250
HGBR + HOCL = HGBRCL + OH 1.70E+12 0 1150
BRO + HGBR = HGBR2 + O 2.25E+12 0 4550
HGBR + O = BRO + HG 3.35E+13 0 1300
HGCL + BR2 = HGBRCL + BR 8.20E+11 0 1050
HGOH + BR <=> HGBROH 1.57E+30 -7.28 | 1903
HGOH + BR <=> HGBR + OH 6.67E+13 -0.36 | 218
HGBR + OH <=> HGBROH 2.19E+29 -5.77 | 2976
HGO + BR <=> HGBRO 8.29E+24 -4.75 | 1735
HGBROH + OH = HGBRO + H20 2.45E+12 0 850
HGBRO + HO2 = HGBROH + 02 5.50E+11 0 0
HGCL + BRNO = HGBRCL + NO 8.20E+11 0 1050
HGBR + BRNO = HGBR2 + NO 6.70E+11 0 1050
HGOH + BRNO = HGBROH + NO 1.20E+12 0 1050
HGBR + NOCL = HGBRCL + NO 7.50E+11 0 1050
HGCL + BRNO2 = HGBRCL + NO2 8.20E+11 0 1050
HGBR + BRNO2 = HGBR2 + NO2 6.70E+11 0 1050
HGOH + BRNO2 = HGBROH + NO2 1.20E+12 0 1050
HGBR + CLNO2 = HGBRCL + NO2 7.50E+11 0 1050
HGCL + BRO = HGBRCL + O 3.20E+12 0 1350
HGOH + BRO = HGBROH + O 2.20E+12 0 1550
HGBR + CLO = HGBRCL + O 2.90E+12 0 1050
HGCL + BROH = HGBRCL + OH 8.70E+11 0 1350
HGOH + BROH = HGBROH + OH 1.80E+12 0 1650
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Table 9. Bozzelli 2010 Hg-Br kinetic mechanism.

Reaction A (mol-cm-s-K) | n E. (cal/mol)
HG + BR <=> HGBR 5.20E+18 -2.86 | 461
HG + BR2 = HGBR + BR 9.94E+20 -2.42 | 28933
HGBR + H <=> HG + HBR 2.70E+13 0 2300
HGBR + OH <=> HG + HOBR 3.27E+12 0 1000
HGBR + BR2 <=> HGBR2 + BR 7.39E+12 0 1000
HGBR + BR <=> HGBR?2 3.80E+24 -4.17 | 1974
HGBR2 + H <=> HGBR + HBR 4.64E+03 2.5 1910
HGBR + HOBR <=> HGBR2 + OH 2.27E+12 0 1700
HGBR + CL2 = HGBRCL + CL 6.70E+12 0 1250
HGBR + BRO = HGBR2 + O 2.25E+12 0 1150
HGBR + O = BRO + HG 3.35E+13 0 1300
HGCL + BR2 = HGBRCL + BR 8.20E+11 0 1050
HGOH + BR <=> HGBROH 1.57E+30 -7.28 | 1903
HGOH + BR <=> HGBR + OH 6.67E+13 -0.36 | 218
HGBR + OH <=> HGBROH 2.19E+29 -5.77 | 2976
HGO + BR <=> HGBRO 8.29E+24 -4.75 | 1735
HGBROH + OH = HGBRO + H20 2.45E+12 0 850
HGBRO + HO2 = HGBROH + O2 5.50E+11 0 0

HG + BR2 = HGBR2 1.19E+11 -0.01 | 4736

The various mercury-halogen kinetic sets were combined with the REI halogen kinetic
set and submechanisms for NOy, SOy, and hydrocarbon chemistry in order to accurately
model the conditions of the University of Utah experiments. The detailed halogen kinetic
set used in the REI modeling is a combination of reactions from several sources. The
chlorine mechanism consists of Cl reactions from Roesler®’, additional NO-CI reactions
from Niksa and Bozzelli, and CxHy-Cl reactions from Bozzelli. The bromine Kinetic set
contains reactions from the NIST Halon mechanism®® and several additional reactions
with NOy, Cl and OH from Bozzelli. Two experimental data sets are presented: high
quench time-temperature profile (HQ, 440 K/s) and low quench time-temperature profile
(LQ, 210 K/s). Both time-temperature histories were modeled with each Hg-Cl or Hg-Br
Kinetic set.

Mercury Oxidation by Chlorine

The various Hg-Cl mechanisms tested are compared to the experimental data in Figures
21 and 22. The UConn, Wilcox, and Helble kinetics under-predict oxidation for both the
HQ and LQ data sets. The Bozzelli Hg-Cl kinetics over-predict mercury oxidation for
both the HQ and LQ data sets. The Xu kinetics over-predict oxidation for the HQ data set
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and under-predict oxidation for the LQ data set. Based on these results, the Xu kinetics
provide the most accurate prediction of the Hg-Cl oxidation data.
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Figure 21. Comparison of various Hg-Cl kinetic mechanisms and experimental data.
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Figure 22. Zoomed in view of the comparison of various Hg-Cl kinetic mechanisms and
experimental data.

The Hg-Cl mechanism used by Xu contains kinetics for eight reactions from Widmer et
al. * and four additional reactions with novel kinetics. In an effort to better understand
the importance of individual reactions in the mechanism, a sensitivity analysis was
performed in which one reaction at a time was removed. The resulting mercury oxidation
using the HQ temperature profile and 500 ppmv CI was then compared to the full
mechanism. The results from this analysis are shown in Table 10. Three reactions were
found to have a significant impact on mercury oxidation. Two reactions
(Hg+Cl+M=HgCIl+M and HgCI+CL,=HgClI,+Cl) promoted mercury oxidation (oxidation
decreased when either of these two reactions were removed) while one reaction
(HgCI+HCI=HgClI,+H) inhibited oxidation (oxidation increased when this reaction was
removed). The Xu Hg-Cl mechanism shows a two-step reaction process that must occur
for mercury oxidation by chlorine.

Table 10. Results of reaction sensitivity analysis on the Xu Hg-Cl reaction set.

HQ 500 CI
Reaction removed % Hg Oxidation
None 11.75
HG + CL+ M =HGCL + M -0.48
HG + CL2 = HGCL + CL 11.76
HG + HOCL = HGCL + OH 12.27
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HG + HCL = HGCL + H 11.75
HGCL + CL2 = HGCL2 + CL -0.33
HGCL + HCL = HGCL2 + H 20.52
HGCL+CL+M=HGCL2+M 11.68
HGCL + HOCL = HGCLZ2 + OH 11.75

HG + CLO=HGO + CL 11.6

HGO + HCL = HGCL + OH 11.72
HGO + HOCL = HGCL + HO2 11.75
HG + CLO2 = HGO + CLO 11.75
HG + 03 =HGO + 02 11.75
HG + N20 = HGO + N2 11.75

The same sensitivity analysis was preformed on the Bozzelli 2010 Hg-ClI kinetic set and
the results are shown in Table 11. Three reactions were found to significantly affect
mercury oxidation. Two of these reactions (Hg+Cl=HgCl and HgCI+Cl,=HgCl,+Cl)
were also found to be important in the Xu Kinetic set while the third reaction
(Hg+Cl,=HgCl,) was different. All three reactions promoted mercury oxidation. The first
two reactions accounted for more oxidation than the third, direct oxidation reaction.

Table 11. Results of reaction sensitivity analysis on the Bozzelli 2010 Hg-Cl reaction set.

HQ 500 CI
Reaction removed % Hg Oxidation
None 38.88
HG + CL <=> HGCL 17.04
HG + HCL = HGCL + H 38.88
HGCL + CL2 =HGCL2 + CL 17.06
HG + CLO=HGO + CL 38.86
HGCL + HCL <=> HGCL2 + H 38.96
HG + CL2 = HGCL?2 26.03
HG + CL2 =HGCL + CL 38.89
HGCL + CL <=>HGCL2 38.88
HGCL + OH <=> HGCLOH 38.89
HGCL + OH <=> HGOH + CL 38.88
HGCLOH <=>HGOH + CL 38.88
HGOH + CL <=> HGO + HCL 38.88
HGCLOH + CL <=> HGCLO + HCL | 38.88
HGOHOH + CL <=>HGOHO + HCL | 38.88
HGCLOH + OH = HGCLO + H20 38.88
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HGCL + HOCL <=> HGCL2 + OH 38.88
HG + HOCL = HGCL + OH 38.88
HGO + HCL = HGCL + OH 38.85
HGO + HOCL = HGCL + HO2 38.88

In an effort to improve the agreement between the experimental data and the Bozzelli
2010 reaction kinetics, several modifications were made to that 2010 Hg-CI mechanism.
Results from these modifications are shown in Figure 23. Because the Bozzelli 2010
kinetics over-predicted mercury oxidation, the first modification made was to remove the
Hg+Cl,=HgCl, reaction pathway. This reaction was not included in any other Hg-Cl
kinetic mechanism and caused significant Hg oxidation. This modification lowered the
predicted oxidation but the HQ experimental data were still significantly over-predicted.
The second modification was to replace the kinetic parameters of Bozzelli 2010 for the
reaction HgCI+HCI=HgCl,+H with the kinetic parameters of Xu. This reaction in Xu’s
mechanism was found to inhibit oxidation, which would further decrease the oxidation
predicted by Bozzelli. This second modification did further decrease oxidation, but not to
the levels predicted by Xu. The third modification was to replace the first reaction (and
the associated kinetic parameters) in the Bozzelli mechanism (Hg+CIl=HgClI) with the
corresponding reaction and kinetic parameters in the Xu mechanism
(Hg+Cl+M=HgCI+M). This last modification brought the oxidation levels predicted by
the Bozzelli 2010 Hg-Cl mechanism very close to those predicted by Xu’s mechanism.
The modeling results straddle either side of the HQ and LQ experimental data, but the
predictions are reasonable considering the extremely low levels of oxidation measured.
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Figure 23. Results from modifications of Bozzelli 2010 Hg-Cl mechanism.

Mercury Oxidation by Bromine

Three Hg-Br mechanisms were compared to gas-phase experimental data taken at the
University of Utah. The comparisons are shown in Figure 24. The Bozzelli 2006 and
Niksa mechanisms drastically under-predict oxidation. The Bozzelli 2010 mechanism
models the experimental data fairly well, but the effect of quench rate is not accurately
predicted. While the experimental data show that the LQ time-temperature profile yields
more mercury oxidation, the Bozzelli 2010 mechanism predicts that the HQ profile yields
more oxidation.
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Figure 24. Comparison of various Hg-Br kinetic mechanisms and experimental data.

A reaction sensitivity analysis was performed on the Bozzelli 2010 mechanism and the
results are shown in Table 12. One reaction at a time was removed from the mechanism
and the resulting mercury oxidation using the HQ temperature profile and 50 ppmv Br
was then compared to the full mechanism. One reaction in the Bozzelli 2010 Hg-Br
mechanism was found to account for nearly all mercury oxidation (Hg+Br,=HgBr>).
While work is still need to account for the effect of quench rate, the Bozzelli 2010 Hg-Br
mechanism is a significant improvement over past Hg-Br mechanism in modeling gas-
phase oxidation experimental data.
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Table 12. Results of reaction sensitivity analysis on the Bozzelli 2010 Hg-Br reaction set.

HQ 50 Br
Reaction removed % Hg Oxidation
None 95.07
HG + BR <=> HGBR 95.04
HGBR + H <=>HG + HBR 95.07

HGBR + OH <=> HG + BROH 95.07
HGBR + BR2 <=> HGBR2 + BR 95.04
HGBR2 + H <=> HGBR + HBR 95.07
HGBR + BROH <=> HGBR2 +

OH 95.07
HGBR + BRO = HGBR2 + O 95.07
HGBR + O = BRO + HG 95.07
HG + BR2 = HGBR2 -0.01
HGBR + BR <=> HGBR?2 95.06
HG + BR2 = HGBR + BR 95.07
HGOH + BR <=> HGBROH 95.07
HGOH + BR <=> HGBR + OH 95.07
HGBR + OH <=> HGBROH 95.07
HGO + BR <=> HGBRO 95.07

HGBROH + OH = HGBRO + H20 | 95.07
HGBRO + HO2 = HGBROH + 02 | 95.07

Most of the Hg oxidation in the Bozzelli 2010 mechanism is the result of the direct
reaction between Hg® and Br, to form HgBr.. In combustion systems, thermodynamic and
kinetic calculations show that Br, HBr, and Br; are all present at significant
concentrations. Figure 25 compares the predicted bromine speciation for the low quench
condition to the high quench condition. The high quench condition is predicted to
produce more Br, than the low quench condition and this is consistent with the 2010
Bozzelli mechanism and the comparison in Figure 24 that shows higher levels of
oxidation at the high quench rate.
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Figure 25. Comparison of predicted bromine species using the high or low quench rate
and 30 ppm Br.

Implications for Full-Scale Systems

The modified Bozzelli 2010 Hg-Cl and Bozzelli 2010 Hg-Br mechanisms were
incorporated into the full REI mechanism (with submechanisms for halogens, NOy, SOy,
and hydrocarbons). This full mechanism was then incorporated into REI’s MerSim model.
MerSim is a full power plant model used to track mercury emissions. To assess the
implications of the new mercury-halogen, homogeneous kinetics, several cases were run
without heterogeneous reactions and compared to measured, full-scale mercury
conentrations.

Figure 26 shows the comparison between mercury measurements and modeling at a plant
burning a high chlorine (1440 ppm, dry) bituminous coal. Figure 27 shows the
comparison between mercury measurements and modeling at a plant with bromine
injection (158 ppm on coal, dry). Without heterogeneous reactions (homogenous
reactions only, using the new Hg-Cl and Hg-Br kinetic sets), the modeling results do not
agree with the measurements. While the model predicts some oxidation, gas-phase
kinetics alone under- predict the extent of oxidation in full-scale systems. Heterogeneous
Kinetics are necessary to accurately model mercury oxidation by bromine at full scale.
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Figure 26. Comparison of measured mercury levels and model results using the new Hg-
Cl and Hg-Br kinetic sets without heterogeneous reaction at a power plant burning high
chlorine bituminous coal.
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injection.
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CONCLUSIONS

In the wet conditioning system used to speciate mercury in the laboratory experiments, a
negative bias on total mercury was observed. That is, the stannous chloride solution used
in the conditioning system to convert all mercury to total mercury did not provide
complete conversion of oxidized mercury to elemental when bromine was added to the
combustion system, resulting in a low bias for the total mercury measurement. The extent
of the bias was reduced by the use of a hydroxylamine hydrochloride solution instead of
the stannous chloride solution. The elemental mercury measurement did not appear
biased when bromine was added to the reactor, based on a series of experiments in which
substitutions were made in the composition of the impingers in the sample conditioning
system.

Bromine was shown to be much more effective for post-flame, homogeneous oxidation
of mercury than chlorine. The oxidation of mercury by chlorine was not affected by
doubling the quench rate in the furnace, within experimental uncertainty. However, the
oxidation of mercury by bromine was sensitive to quench rate: doubling the quench rate
(from 210 to 440 K/s) resulted in about a 40% decrease in mercury oxidation. Mercury
oxidation is initiated post-flame by free radicals, the concentrations of which are sensitive
to cooling rate in the gas.

The simultaneous presence of bromine and chlorine in the system increased the extent of
mercury oxidation that would have been obtained with bromine alone. This increase was
fairly minor and was proportional to the chlorine concentration. The increase was higher
with the low quench profile.

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, concentrations of 400 ppmv and higher. In contrast, the presence of SO,
resulted in a considerable reduction in mercury oxidation by bromine, even at
concentrations as low as 50 ppm SO,. Sulfur dioxide concentration measurements made
along the reactor and conditioning system as well as the results of injecting SO, at
different points along the system, indicated that the observed inhibitory effect of SO, on
mercury oxidation by bromine could be due to reactions between SO, and oxidized
mercury species in the KCI solution on the elemental side of the conditioning system.
Those interactions were partially eliminated by using a NaOH-containing impinger or
fixed-bed reactor upstream of the KCI impinger.

The data generated in this program are the first homogeneous laboratory-scale data on
bromine-induced oxidation of mercury in a combustion system. Five Hg-Cl and three Hg-
Br mechanisms, some published and others under development, were evaluated and
compared to the new data. The Hg-halogen mechanisms were combined with sub-
mechanisms from Reaction Engineering International for NOy, SOy, and hydrocarbons.
The homogeneous kinetics under-predicted the levels of mercury oxidation observed in
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full-scale systems. This shortcoming can only be corrected by including heterogeneous
Kinetics in the model calculations.
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GRAPHICAL MATERIAL LIST

Figure 1. Sketch of the homogeneous mercury reactor®.

Figure 2. Temperature profiles in the homogeneous mercury reactor.
Figure 3. Mercury analysis system®.

Figure 4. Measured total (HgT) and elemental mercury (Hg0) versus time, with and
without bromine injection through burner, obtained with the high quench temperature
profile. The total mercury concentration should be constant at 25 pg/m?®.

Figure 5. Losses in total mercury when using different concentrations of the SnCl,-HCI
solution on the total mercury side of the sample conditioning system with 50 ppmv
bromine (as HBr equivalent), 30 ppmv NO, and the high quench temperature profile.

Figure 6. Losses in total mercury when using additional NaOH impingers on the total
mercury side of the sample conditioning systems with 50 ppmv bromine (as HBr
equivalent), 30 ppmv NO, and the high quench temperature profile.

Figure 7. Losses in total mercury using a solution of NH,OH*HCI - NaOH instead of
SnCl,-HCI on the total mercury side of the sample conditioning system with 50 ppmv
bromine (as HBr equivalent), 30 ppmv NO, and the high quench temperature profile.

Figure 8. Decrease in elemental mercury using different impinger solutions on the
elemental mercury side of the sample conditioning system with 50 ppmv bromine (as
HBr equivalent), 30 ppmv NO, and the high quench temperature profile.

Figure 9. Effect of SO, on mercury oxidation by bromine with and without an additional
NaOH impinger before the KCI impinger on the elemental side of the conditioning
system at 50 ppmv bromine (as HBr equivalent), 30 ppmv NO, and with the high quench
temperature profile.

Figure 10. Effect of SO, on mercury oxidation by bromine using a packed bed of NaOH
pellets at 120°C before the KCI impinger on the elemental side of the conditioning system.
The reactor conditions were 50 ppmv bromine (as HBr equivalent), 30 ppmv NO, and
high quench temperature profile.

Figure 11. Homogeneous mercury oxidation with addition of chlorine or bromine, 30
ppmv NO at high and low quench rates.

Figure 12. Homogeneous mercury oxidation at various concentrations of chlorine and
bromine and 30 ppmv NO. The high quench temperature profile was used.

Figure 13. Oxidation of mercury by chlorine as a function of quench rate with 30 ppmv
NO.

39



Figure 14. Oxidation of mercury by bromine as a function of quench rate with 30 ppmv
NO.

Figure 15. Oxidation of mercury by bromine and chlorine as a function of quench rate
and chlorine concentration with 30 ppmv NO and a constant bromine concentration of 25
ppm (as HBr equivalent).

Figure 16. Effect of SO, and NO on mercury oxidation by chlorine: (a) low quench rate;
(b) high quench rate.

Figure 17. Effect of NO on mercury oxidation by bromine at high quench rate.

Figure 18. Effect of SO, on mercury oxidation by 45 ppm bromine (as HBr equivalent)
using the high quench temperature profile. In one case the SO, was added through the
burner, in the other it was added directly to the KCI impinger.

Figure 19. Sample points for SO, measurements.

Figure 20. SO, concentration measurements with and without 50 ppm bromine (as HBr
equivalent) using the high quench temperature profile.

Figure 21. Comparison of various Hg-Cl kinetic mechanisms and experimental data.

Figure 22. Zoomed in view of the comparison of various Hg-ClI kinetic mechanisms and
experimental data.

Figure 23. Results from modifications to Bozzelli 2010 Hg-Cl mechanism.
Figure 24. Comparison of various Hg-Br kinetic mechanisms and experimental data.

Figure 25. Comparison of predicted bromine species using the high or low quench rate
and 30 ppm Br.

Figure 26. Comparison of measured mercury levels and model results using the new Hg-
Cl and Hg-Br kinetic sets without heterogeneous reaction at a power plant burning high
chlorine bituminous coal.

Figure 27. Comparison of measured mercury levels and model results using the new Hg-
Cl and Hg-Br kinetic sets without heterogeneous reaction at a power plant with bromine
injection.
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LIST OF ACRONYMS AND ABBREVIATIONS

OD: Outer diameter

ID: Inner Diameter

SLPM: Standard Liters per Minute

THAM: Tris (Hydroxymethyl) Aminomethane
EDTA: Ethylenediamine tetra acetic acid

HQ: High quench temperature profile (440 K/s)
LQ: Low quench temperature profile (210 K/s)
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