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ABSTRACT: Because direct mercury measurements are difficult throughout the postcombustion flue gas environment, it is
practical to use mercury reaction kinetics to theoretically determine mercury speciation based upon coal composition, plant
equipment, and operating conditions. Elemental mercury cannot be captured in wet scrubbers; however, its oxidized forms can.
Mercury—bromine oxidation kinetics have been studied with electronic structure calculations using a broad range of ab initio
methods. Reaction enthalpies, equilibrium bond distances, vibrational frequencies, and rate constants have all been predicted using
density functional theory as well as coupled cluster methods. Upon the basis of comparisons to available experimental and high-level
theoretical data in the literature, quantum-based methods for the following Hg—Br reactions have been validated: Hg -+ Br <> HgBr,
Hg + Br, <> HgBr + Br, and HgBr + Br <> HgBr,. The use of these methods for predicting forward and reverse rate constants for
the following Hg—Br reactions has been carried out for the first time: Hg 4+ HBr <> HgBr + H, HgBr + Br, <> HgBr, + Br, and
HgBr 4 HBr <> HgBr, + H. Understanding the speciation of mercury in the flue gases of coal combustion is paramount to the

development of efficient control technologies.

B INTRODUCTION

The release of the toxic trace metal, mercury (Hg), has long
been a significant issue for coal-fired power plants, which must
implement flue gas scrubbing to prevent Hg emissions into the
atmosphere. Unlike its oxidized forms, Hg2+ and Hg+, elemental
mercury cannot be captured in wet scrubbers. Bromine has been
found to effectively oxidize Hg from pilot- and full-scale tests
carried out by the US Department of Energy." Other field studies
have shown bromine to be effective in Hg removal from coal-fired
boilers, and a bromine additive technology has recently been
implemented in several companies to enhance Hg oxidation.*
In addition, it has recently been shown that direct bromine gas
injection can effectively convert elemental mercury (Hg") to
oxidized mercury (Hg”", Hg").? Since capture technologies are
highly dependent upon the form of Hg that is present, investiga-
tions regarding their speciation are extremely important. Under-
standing the kinetic and thermodynamic behavior of Hg from the
high to low temperature regime will allow for increased model
accuracy in predicting its complicated speciation, which in turn
will facilitate the design and application of more effective Hg
control devices. More specifically, these rate data can be used in
the creation of a mercury—bromine mechanism that currently
does not exist for postcombustion environment applications.

Though there have been numerous efforts to study Hg
compounds that are relevant to atmospheric studies, there is
little data currently available for Hg compounds present in
postcombustion flue gases. There are limited experimental and
theoretically derived rate data available in the literature for
modeling mercury—bromine reactions over a broad temperature
range applicable to the quenching region of coal-fired flue gases.
The current work presents an ab initio study of the forward and
reverse reaction kinetics of the following three first-stage and
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three second-stage oxidation reactions of Hg with bromine (Br)
and hydrogen (H) compounds likely present in coal-fired flue
gases:

Hg + Br <> HgBr (R1)

Hg + Br, <> HgBr + Br (R2)
Hg + HBr <> HgBr + H (R3)
HgBr + Br <> HgBr, (R4)
HgBr + Br, <> HgBr, + Br (RS)
HgBr + HBr <= HgBr, + H (R6)

Experimental kinetic parameters are available only for forward
directions of R1*"® and R2.” The forward rate constant for R1
has been calculated theoretically by Shepler et al,* Khalizov
et al.,” Spicer et al,® and Ariya’ with the reverse predicted from
theory by Shepler at al.* and Goodsite et al.” Shepler et al.*
calculated kinetic parameters from ab initio calculations and
quasiclassical trajectories using argon as the bath gas. Khalizov
et al’ used canonical variational transition state theory
(CVTST)' to calculate the rate parameters, but only at the
high-pressure limit and at low temperature. Goodsite et al.” used
Rice—Ramsperger—Kassel—Marcus (RRKM)"" theory alon
with the hybrid density functional Hartree—Fock B3LYP'*'
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method and a similar approach to predict the forward kinetics of
R4. The forward and reverse kinetics of R2 and R4 have been
predicted by Balabanov et al."* using the internally contracted
multireference configuration interaction (including single and
double excitations) method with the augmented correlation
consistent basis sets, aug-cc-pVnZ-PP (n =2, 3, 4) for calculating
the reaction rates. Within all of these previous studies, the
reaction conditions were outside of the range of interest for
postcombustion flue gas studies, having all been carried out at 1
atm and at temperatures at or below 400 K. To the authors’
knowledge, there have been no experimental or theoretical
investigations carried out for R3, RS, and Ré.

In the current work, kinetic data is predicted over a tempera-
ture range of 298—2000 K, representative of postcombustion
flue gas conditions. RRKM theory is used for the two unim-
olecular reactions, and VTST, for the bimolecular reactions.
Calculations were carried out using the MOLPRO"® suite of ab
initio programs.

B THEORETICAL METHODOLOGY

Ab initio Calculations. Before the kinetic parameters could be
calculated, it was necessary to determine which level of theory
would be the most accurate for the Hg compounds through a
comparison of geometries, vibrational frequencies, and heats of
reaction predictions to available experimental data. In the case of
R1, R2, and R4, kinetic data is available for direct comparison at
low temperature (i.e., less than 400 K). All reactions were invest-
igated using using the coupled cluster singles and doubles
method includin% triple excitations (CCSD(T))*™*® with the
Aug-cc-pVTZ'”?° basis set. The augmented correlation consis-
tent basis sets of triple-{ quality (Aug-cc-pVTZ-PP, shortened to
AVTZ) incorporating scalar relativistic effects were employed
through the use of small-core relativistic pseudopotentials (PP)*"
for the inner electrons of Hg and Br. This same basis set was
employed for H, but without a pseudopotential.

In addition to CCSD(T)/AVTZ, the B3LYP method was
tested with three different basis sets. The first basis set employed
was LANL2DZ,>* which uses an all-electron description for
atoms of the first row elements, and an ECP for inner electrons
combined with double-¢ quality functions to describe the valence
electrons on heavier atoms of elements such as Hg. The second
basis set employs a relativistic compact effective potential,
RCEP60VDZ of the Stevens et al. group,” which replaces 60
of Hg’s atomic core electrons and is derived from numerical
Dirac—Fock wave functions using an optimizing process based
upon the energy-overlap functional. Energy-optimized (8s8pSd)/
[4s4p3d] Gaussian-type double-g quality sp and triple-¢ quality d
functions were used for Hg, with the triple-g d functions essential
for describing the orbital shape changes that exist with d occ-
upancy. The third basis set employs the ECP60MDF effective
core potential of the Stuttgart group>' with the energy-optimized
(8s8p7d)/[6s6p4d] Gaussian-type orbital (GTO) valence basis
optimized using multiconfiguration Dirac—Fock (MCDF) cal-
culations. An extended triple-g Pople®* basis set, 6-311G*,
including the addition of a single polarization function was used
for Br and H atoms in conjunction with the RCEP60VDZ and
ECP60MDEF basis sets used for Hg.

Kinetic Calculations. To determine the unimolecular decom-
position rate constants for R1 and R4, RRKM theory was carried
out using the Holbrook et al.> text on unimolecular reactions as a
guide. RRKM theory models a unimolecular decomposition

reaction as a two-step process following the general form shown
in R7 where AB is the reactant molecule, M is the collision
partner, and * indicates that the species is energized.

b

AB + M* < AB* + M
k,

AB* > A +B

The overall rate constant expression, k,y;, is given in eq 1, in
which the rate constants of both the deactivation (first step of
R7) and the decomposition (second step of R7) are taken into
account:

(R7)

QT g
o = o AT ()

In eq 1, the statistical factor, L, is the number of possible ways
the reaction can proceed to obtain a desired product. For
instance in the case of HgBr decomposition, L = 1 since there
is only one way in which the species can dissociate into Hg and Br
atoms. The quantity Q' is the rotational partition function of the
adiabatic rotations of the activated complex, Q, is the rotational
partition function of the reactant, and Q, is the vibrational
partition function of the reactant. Additionally, E,, the activation
barrier, is the difference between the minimum energy required
to cross the barrier and the reactant energy, while E* is the energy
of each state relative to Ey, and AE is the step size between states.
The sum over states, X, is defined as

w *
X = 7ke[—(E ~ Eo)/RT] (2)
1+—2
B.Zy;[M]
such that
Lo LW 5
N Q op

The deactivation rate constant is represented by the .Z; ;[M]
term, while the decomposition rate constant, k,, is given by eq 3.
The collisional efficiency factor, 3, was set equal to 0.1, as the
reactions were assumed to be in an inert bath gas,26 and [M] is
simply the concentration of the collision partner. The equation
for the Lennard-Jones parameter (eq 2) is as follows:

8RT
ZL] = l\laodam2 TQam (4)

am

such that

kT\1 " kT
Q.m = [0.636 +0.567 log<>} ,when 0.3 < — < 500

am eam

kT\] 7" kT
Q. = [0.697 +0.5185 log(e )] ,when 3 < ;

and

gam

= 65.3T.Z1/° (7)

Within eq 4, u represents the reduced mass, and 0, the
collision diameter, in which the subscript “am” refers to the
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Table 1. Comparison between Experimental and Theoretical Vibrational Frequencies and Bond Lengths for Molecules Involved

in R1—R6 for Three Levels of Theory”

Vibrational Frequencies (cm ™ ')

experiment B3LYP/LANL2DZ B3LYP/ECP60MDF CCSD(T)/ AVTZ
HBr 2650° —249.7§ —107.92 -5.59
Br, 325.3° —54.84 —14.96 -11.02
HgBr 188.3¢ —21.83 —34.43 -25.60

2184220
HgBr, (symmetric stretch) 2228 229" —40.2 to —51.2 —16.6 to —27.6 0.25t010.75
(bend) 68 —19.9 —7.97 -0.45
(asymmetric stretch) 293 —49.2 —21.4 -3.40

Bond Length (A)
experiment B3LYP/LANL2DZ B3LYP/ECP60MDF; (RCEP60VDZ) CCSD(T)/AVTZ

HBr 1.41* 0.05 0.02 0.01
Br, 2.28° 0.23 0.05 0.03
HgBr 262% 0.16 0.02 (0.005) 0.08
HgBr, 237! 0.14 0.09 (0.09) 0.03

“Deviations are represented in inverse centimeter and angstroms for the vibrational frequency and bond length prediction data, respectively. ! Reference
35. “References 31 and 32. # Reference 33. ¢ Reference 37.7 Reference 36. ¢ Reference 39. " Reference 38. ' Reference 40.” Reference 41. * References 30

and 31. 'Reference 34.

reactant molecule, A, and the collision partner, M. In determin-
ing the Lennard-Jones parameter, a correction factor, €, is also
used and is calculated using either eq S or 6. The value of &,,,/k
is found along with the eq 7 using critical temperature and com-
pressibility data.

The energy level consists of a series of steps above that of
the transition structure, as predicted by the Lindemann—
Hinshelwood mechanism;'' the number of steps for any given
reaction will depend upon the step size, AE, and the maximum
energy, E.... These are both selected arbitrarily but AE is
typically between 0.4 and 2.0 kJ/mol** (30—170 cm™ "), while
Emax Was set equal to 9000 cm ™ .

Once the values of AE and E,,,, are determined, the sum and
density of states are calculated at each energy level using the
Beyer—Swinehart algorithm.”” This algorithm predicts how
many linear combinations of vibrational frequencies, i.e., states
that exist between Eq and E,,,,, and determines which energy
level they exist at based upon their magnitude, and energy range
will then have a number of states associated with it. The density
of states, p, for each range is the number of states divided by the
step size, AE, while the sum of states, W, is a direct count of how
many states exist at or below the current energy level. By finding
W and p at each energy level, the value of k, at the correspond-
ing levels can be determined followed by the overall sum of
the quantity X used in calculating the rate constant, k,,;. The
forward second-order rate constant expressions for atom—
radical recombination R1 and radical—radical recombination
R4 were calculated using the product of the reverse RRKM-
derived rate constant and the experimental equilibrium con-
stant, Keq.28

For bimolecular R2, R3, and RS, variational transition state
theory was used, and for R6, traditional transition state theory
was used, both including the Wigner29 tunneling correction
factor, represented below by eqs 8 and 9, respectively:

kyT
KTST — bT Q%T(Zze(—Ea/RT) (8)

and
1 [he]?
kr =14+—|—
=145 chT] ®)
such that
k= k™STkr (10)

In eq 8, E, is the activation barrier, and Qrs, Q;, and Q, are the
total partition functions of the transition structure and reactant
species 1 and 2, respectively. Within the Wigner tunneling
correction factor (eq 9), v represents the single imaginary
freqruency value of the transition structure, and the product of
k™" and ky equate to the total bimolecular rate constant. The
use of the Wigner tunneling correction is questionable for light
species, and in future work a more rigorous tunneling correction
for the reactions involving H and HBr should be employed. This
methodology was carried out for both forward and reverse
directions of the bimolecular reactions of focus. In the case of
VTST, different dividing surfaces perpendicular to the reaction
coordinate were considered. For instance, in each of the reac-
tions, the distance between Hg and Br atoms was varied and the
rate constant was calculated for each distance considered, with
the final rate constant chosen corresponding to the minimum.
Potential energy surfaces comprised of approximately 200 single-
point energies were generated without energy corrections. Zero-
point corrections were added to the reactant, transition structure,
and product energy values over the 298—2000 K temperature
range. Partition functions and corresponding rate constants were
calculated as a function of temperature to arrive at general
forward and reverse rate constant expressions as described in
further detail in the Results and Discussion section.

B RESULTS AND DISCUSSION

Theoretical geometries and vibrational frequency data have
been predicted for the following species: HgBr,, HgBr, HBr, and
Br,. They are compared against experimental data in Table 1.
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Table 2. Comparison between Experimental and Theoretical Reaction Enthalpies (kcal/mol) at 298.15 K and 1 atm for Three

Levels of Theory”
experiment” B3LYP/LANL2DZ
R1 Hg + Br <> HgBr —16.51 —2.04
R2 Hg + Br, <> HgBr + Br 29.56 —18.27
R3 Hg + HBr <= HgBr + H 70.95 —12.63
R4 HgBr + Br <> HgBr, —72.02 1829
RS HgBr + Br, <> HgBr, + Br —25.95 2.06
R6 HgBr + HBr <> HgBr, + H 15.44 7.70

B3LYP/ECP60MDEF; (RCEP60VDZ) CCSD(T)/ AVTZ
—7.66 (—0.21) 0.77
—8.18 (—0.73) 2.03
—10.71 (—3.26) 4.57
1.89 (7.05) 0.08
1.37(6.53) 1.34
-1.16 (—4.00) 3.88

“ The theoretical values are expressed as a kilocalorie per mole deviation from experiment. b Experimental data for Hg species from NIST;** data for other

species taken from refs 45 and 46.

Hg-Br Bond Distance (A)

20 25 30 35 4.0 45
Br-Br Bond Distance (A)

Figure 1. Potential energy surface for R2, Hg + Br, <> HgBr + Br, at
the BALYP/RCEP60VDZ level of theory.

Experimental methods have yielded bond lengths of 1.414°%%'

and 2.281 A>"** for HBr and Br,, respectively. In both cases, the
CCSD(T)/AVTZ is the most accurate level of theory of the
four investigated in the current work, deviating 0.01 and 0.03 A
from experiment, respectively. The smallest deviations have
been italicized in Table 1, and in nearly all cases, with the
exception of HgBr, the CCSD(T)/AVTZ level of theory pro-
vides the most accurate predictions. The HgBr bond distance
was measured by Tellinghuisen and Ashmore® using emissions
spectra photography, estimating a bond distance of 2.62 A,
which deviates 0.02 and 0.08 A from predictions at the B3LYP/
ECP60MDF and CCSD(T)/AVTZ levels of theory, respec-
tively. Experimental results of Deyanov et al.>* yield a bond
distance of 2.378 A for the Hg—Br distance in the linear HgBr,
molecule, deviating 0.03 A from predictions at the CCSD(T)/
AVTZ level of theory.

A number of experimental studies are available for the
measured vibrational fre%uencies of each of the species involved,
including Br,,*'?? HBr,? HgBr,33 and HgBr2.36741 In this case,
the CCSD(T)/AVTZ level of theory provided the most accurate
predictions to the experimental vibrational frequency data, which

H-Br Bond Distance {A)

40

—— Energy(Hartrees)

357 -2728.45

. 27284

S

25

204

23 24 25 26 27 28 29 30

Hg-Br Bond Distance (A)

Figure 2. Potential energy surface for R3, Hg + HBr <> HgBr + H, at
the BALYP/RCEP60VDZ level of theory.

are represented in parentheses, with the following deviations
from experiment: HBr —5.59 (2650°°), Br, —11.02 (325.3°"%?),
HgBr —25.60 (188.3*), and HgBr, 0.25 (218%"), —0.45 (68*°),
—3.40 (293*") em™ L.

In addition to geometric and vibrational spectroscopy data,
experimentally derived heats of reaction have also been com-
pared against theoretical predictions at 298 K as shown in Table 2
at the four levels of theory previously described. For R1—R3,
the B3LYP/RCEP60VDZ level of theory predicted the most
accurate heats of reaction with an underprediction of 0.21,
0.73, and 3.26 kcal/mol for R1, R2, and R3, respectively. The
CCSD(T)/AVTZ level of theory most accurately predicted the
heat of reaction for R4 and RS with overstimations of 0.08 and
1.34 kecal/mol, respectively. For R6, the B3LYP/ECP60MDF
level of theory predicted the heat of reaction most accurately with
an underprediction of 1.16 kcal/mol. Previous investigations of
Balabanov and Peterson* included energetic contributions
beyond the zero-point corrections included in the current work.
For instance, they included a core—valence correlation contribu-
tion, a scalar relativity correction, a correction for the pseudo-
potential approximation, and a spin—orbit correction to their
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40
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Figure 3. Potential energy surface for RS, HgBr 4 Br, <> HgBr, + Br,
potential energy surface at the CCSD(T)/AVTZ level of theory.

ground-state energy predictions at 0 K. From their work it was
shown that in the enthalpies of reaction for those containing Br
radical, the contribution from the corrections accounts for
approximately 3.5 kcal/mol. The exclusion of these energy
correction contributions in the current work will likely influence
the energetics of the reactant, product, and activated complex
species and could result in increased accuracy if included.
Rigorous treatment of the inclusion of these energy corrections
will be included in future work. The ultimate goal of the current
work is to provide forward and revese kinetic data for RI—R6
over a broad temperature range indicative of postcombustion flue
gas conditions.

For R1, R2, and R4, kinetic data exists in the literature, but
only at low temperatures applicable to tropospheric conditions,
as Hg accumulation in Arctic regions has been shown to influence
ozone depletion events through competing reactions with bro-
mine radicals released from sea ice upon exposure to UV light.*
The forward and reverse rate constants for R1, R2, and R4 are
compared against other theory predictions and available experi-
mental data in Table 3. All comparisons made in Table 3 are at
298 K and 1 atm conditions, and the units of the rate constants
within Table 5 are cubic centimeters per molecule second, which
are traditional units presented in the literature for atmospheric
applications. For the forward atom—radical recombination R1,
the CCSD(T)/AVTZ value (638 x 10~ "> cm>/molecule-s)
agrees well with the other theoretical data published, which range
from 3.0 X 100 3.2 x 10™ "> cm’/molecule - s. Donohoue et al.”
have reported an experimental value of 3.6 &= 1.8 x 10 cm’/
molecule-s. The B3LYP/RCEP60VDZ overpredicts the rate
constant at 349 x 10~ '* cm®/molecule-s. For the reverse
unimolecular decomposition, no experimental data exist, but
there have been two previous investigations with one based upon
ab initio calculations and QCT,* while the other carried out
RRKM theory using the Master Equation formalism.” The rate
constant prediction of the current work calculated at the

—— Energy(Hartrees)

-5301 93

-5301.93

. B301.93° )

Br-H Bond Distance (A)

5301 96——5301.96 5301 96—

-5301 96"

EIB— 5309 95|

e e y
20 25 30 35 40

Hg-Br Bond Distance (A)

Figure 4. Potential energy surface for R6, HgBr + HBr <> HgBr, + H,
at the BALYP/ECP60MDF level of theory.

CCSD(T)/AVTZ level of theory (0.154 1/s) agreed best with
the calculations carried out using QCT methods of Shepler et al.*
(0.48 1/s), deviating by a factor of approximately 3. Again, the
B3LYP/RCEP60VDZ level of theory overpredicts the rate
constant with a value of 0.846 1/s. For this reaction, it is interest-
ing to note that the BALYP/RCEP60VDZ level of theory most
accurately predicts the R1 enthalpy change at 298.1S K with a
deviation of 0.21 kcal/mol, but the CCSD(T)/AVTZ level of
theory most accurately predicts the frequency and geometry data
for HgBr and deviates from the experimental enthalpy of reaction
by only 0.77 kcal/mol.

For R2, the B3LYP/RCEP60VDZ level of theory agreed best
with the previous theoretical predictions for the forward and
reverse rate constant. It is important to note that this level of
theory performed best for the heat of reaction prediction as well,
underpredicting by 0.73 kcal/mol. Balabanov et al.'"* used ab
initio calculations with QCT methods, transition state theory
with the canonical variation theory implementation (CVT),
improved canonical variational theory (ICVT), and microcano-
nical variational theory (uVT) to arrive at 3.4 & 0.15 x 10 ',
54 x 107", 4.6 x 10°!, and 3.9 x 10 >' cm®/molecule s for
the forward rate constant, respectively. The prediction in the
current work at the BALYP/RCEP60VDZ level of theory using
VTST is 1.65 x 103! cm3/m01ecu1e's, agreeing best with the
QCT calculations of Balabanov et al.,'* underpredicting the rate
by about a factor of 2. There is only one experimental study
available for this reaction, carried out by Ariya et al.” and
estimates a forward rate constant of 0.9 £ 0.2 x 10~ '® cm®/
molecule-s. This rate constant is approximately 15 orders of
magnitude faster than the five theoretical predictions previously
discussed. Within their study, they report the use of halocarbon
wax to coat their reactor surface to prevent heterogeneous sur-
face interactions for Hg oxidation; however, it is clear from this
discrepancy that surface interactions are occurring in their experi-
mental setup and playing a significant role in enhancing Hg oxida-
tion via bromine. Within their work, Ariya et al.” acknowledged the
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Table 3. Comparison of Rate Constant Predictions (cm®/molecule-s) to Available Theoretical and Experimental Data at 298.15 K

B3LYP/'ECP60MDF; RCEP60VDZ

R1 Hg + Br <> HgBr 349 (—12)
R1 HgBr <> Hg + Br %0.846

R2 Hg + Br, <> HgBr + Br 1,65 (—31)
R2 HgBr + Br <> Hg + Br, 2220 (—12)
R4 HgBr + Br <> HgBr, '1.78 (—13)
R4 HgBr, <> HgBr + Br 12.47 (—40)

CCSD(T)/ AVTZ other theory experiment
6.38(—13) 9.8 (—13)" 3.6+ 1.8(—13)
2.0(—12)"
L1(-12)°
3.0(—13);9.7 (—13)*
32(—12)°
0.154 0.48" NA
0.007°
6.03 (—29) 3.4+0.15 (—31); 0.9+ 0.2(—16)°
5.4(—31);4.6 (—31);
3.9 (—31)¢
229 (—10) 3.89+£0.17 (—11); NA
6.15(—11);5.30 (—11);
4.52(—11)
5.31(—12) 298 +0.14 (—11); NA
127 (—10); 1.22 (—10);
1.05 (—10)¢
2.50 (—10)°
7.37(—39) 5.50 £0.26 (—39); NA
2.40 (—38);2.30 (—38);
2.00 (—38)%

“Reference 4. " Reference 5. “ Reference 9. ¢ Reference 6. ¢ Reference 7./ Reference 8. Reference 14. Numbers in parentheses represent powers of 10.

Table 4. Transition Structure Geometry for R1 and R4

HgBr HgBr BrHgBr BrHgBr
level of theory CCSD(T)/ AVTZ B3LYP/RCEP60VDZ CCSD(T)/ AVTZ B3LYP/ECP60MDF
bond length (A) Hg—Br 4.10 4.40 247 2.50
bond length (A) Hg—Br 4.00 420
bond angle (deg) 180 180 180 180

Table 5. Transition Structure Geometry for R2 and R3
HgBrBr HgBrBr HgBrH

level of theory CCSD(T)/ AVTZ B3LYP/RCEP60VDZ B3LYP/RCEP60VDZ
bond length (A) Hg—Br 2.50 2.68 2.72
bond length (A) Br—Br; Br—H 3.50 3.58 261
bond angle (deg) 180 180 180

issues experienced with the use of this wax coating and the
difficulty associated with establishing conditions to prevent
significant surface effects. For the reverse reaction, there are no
experimental data for comparison, but theoretical predictions
from Balabanov et al.'* are available. The rate constant prediction
of the current work at the B3LYP/RCEP60VDZ level of theory
is approximately an order of magnitude slower than the predic-
tions of Balabanov et al.'* at 2.2 x 10~ '? cm®/molecule-s. The
CCSD(T)/AVTZ level of theory overpredicts the rate constant
for both forward and reverse directions of R2 and also over-
predicts the heat of reaction by 2.03 kcal/mol.

For the forward and reverse rate constants of R4, no experi-
mental data exists, but theoretical predictions of Balabanov
et al.'* as well as Goodsite et al.” exist for comparison to the
current work. For the forward rate constant prediction, the

Table 6. Transition Structure Geometry for RS and R6
Carried out at the CCSD(T)/AVTZ and B3LYP/ECP60MDF
Levels of Theory, Respectively

BrHgBrBr BrHgBrH
bond length (A) (Br—Hg)—Br—X 247 2.54
bond length (A) Br—(Hg—Br)—X 575 2.50
bond length (A) Br—Hg—(Br—X) 2.33 2.10
bond angle (deg) 180 180

CCSD(T)/AVTZ level of theory predicts a slower rate constant
(5.31 x 10" '* cm*/molecules) compared to the prediction of
Goodsite et al.” (2.50 x 10~ '° cm?®/molecule-s) and agrees best
with the value from Balabanov et al. (298 + 0.14 x 10 '
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Table 7. Theoretical Activation Barriers (kcal/mol) and Preexponential Factors (cm®/mol-s) for Hg Oxidation Reactions

forward reverse
level of theory E, (kcal/mol) A (ecm®/mol-s) E, (kcal/mol) A (cm®/mol-s) level of theory Kyq
R1 Hg + Br <> HgBr 0.859" 4.00(11) 15.64 457" (10) CCSD(T)/AVTZ 1.00 (8)
1.912° 2.00(12) 14.58 4.18(10) B3LYP/RCEP6OVDZ  4.83 (—21)
R2 Hg + Br, <> HgBr + Br 26.49 9.76 (14) ~0 1.38(14) CCSD(T)/AVTZ 4.83(—21)
30.08 1.15 (15) 232 6.65(13) B3LYP/RCEP6OVDZ
R3 Hg + HBr <> HgBr + H 71.58 1.86 (13) 492 3.65(12) B3LYP/RCEP6OVDZ ~ 4.37 (—52)
R4 HgBr + Br < HgBr, 9.18° 2.00(12) 62.81 8.62 (7) CCSD(T)/AVTZ 6.28 (—47)
7.644° 8.00 (10) 64.36 397" (7) B3LYP/ECP60MDE
RS HgBr + Br, <> HgBr;, + Br 0.87 4,02 (11) 24.5 4.30(12) CCSD(T)/AVTZ 1.30 (—18)
RG HgBr -+ HBr <> HgBr, + H 18.68 9.41(12) 357 1.16 (15) B3LYP/ECP60MDF 691 (—14)

“ The temperature-dependent rate expression for the forward reaction of R1 and R4 is k = A(T/298) " with  listed in the E, column. © Units of A for the
unimolecular R1 and R4 are 1/s. ‘ Reference 28. Numbers in parentheses represent powers of 10.

molecule-s), while still deviating by an order of magnitude. For
the unimolecular direction of R4, again, the CCSD(T)/AVTZ
level of theory agrees best, and falls in the range of previous
theoretical estimates'* (5.5 + 0.26 x 10** cm’/molecule-s).
The use of this level of theory is further validated by the
agreement to the experimental enthalpy of reaction, with an over-
prediction of just 0.08 kcal/mol.

From these comparisons of reactant/product geometries,
heats of reaction, and kinetics at 298.15 K to previous experi-
mental and theoretical data available in the literature, the most
appropriate levels of theory have been employed to carry out
kinetic predictions for the forward and reverse directions of R3,
RS, and R6 for implementation into postcombustion Hg oxida-
tion models involving bromine.

Potential energy surfaces (PES) have been generated for R2,
R3, RS, and R6 at multiple levels of theory and selected images
are shown in Figures 1—4, respectively. Potential curves for the
unimolecular decomposition R1 and R4 were constructed, but
are omitted here. Geometries of R1 and R4 transition structures
at both CCSD(T)/AVTZ and B3LYP/RCEP60VDZ are listed in
Table 4. Each of the potential energy surfaces were also created at
two levels of theory, i.e., (1) using the B3LYP method with the
basis set that provided the best agreement with the experimental
heat of reaction and (2) at the CCSD(T)/AVTZ level of theory
because of the agreement to experimental geometry, vibrational
frequency, and heats of reaction data. Figure 1 shows the PES for
R2 at the BALYP/RCEP60VDZ level of theory. A linear reac-
tion path was assumed and the activated Hg—Br—Br complex
exhibiting one imaginary frequency was found to have an Hg—Br
interaction distance of 2.68 A and a Br—Br distance of 3.58 A, as
shown in Table S. At the CCSD(T)/AVTZ level of theory, the
activated complex geometry was fairly more contracted with an
Hg—Br distance of 2.50 A and a Br—Br distance of 3.5 A.

Figure 2 shows the PES for R3 at the BSLYP/RCEP60VDZ
level of theory and again with a linear reaction path assumed with
the activated Hg—Br—H complex having an Hg—Br interaction
distance of 2.72 A and a Br—H distance of 2.61 A, as shown in
Table S. Figure 3 shows the PES for RS at the CCSD(T)/AVTZ
level of theory with an activated Br—Hg—Br—Br complex. The
Br—Hg bond distance was held constant in the transition state
calculation at 2.47 A, which is closer to the equilibrium distance
of the product HgBr, (2.4 A) versus that of the reactant HgBr
(2.7 A). Various Br—Hg distances were tested with this distance

resulting in the minimum rate constant. The activated complex
exhibiting one imaginary frequency had a Br—Br interaction
distance of 2.33 A and an Hg—Br distance of 5.75 A. Figure 4
shows the PES of R6 at the BBLYP/ECP60MDF level of theory
with an activated Br—Hg—Br—H linear complex. The Br—Hg
bond distance was held constant at 2.55 A, which is a weighted
average of the optimized HgBr (2.64 A) and HgBr, (2.46 A)
bond distances, due to the higher electronegativity of Br in
contrast to H. The activated complex exhibiting one imaginary
frequency had a Hg—Br interaction distance of 2.50 A and a Br—
H distance of 2.10 A. In future work, this reaction will be treated
more rigorously since it is likely by testing different configura-
tions as was done with the other three bimolecular reactions,

that a smaller rate may be obtained. The activated complex
geometries of RS and R6 are available in Table 6.

Table 7 presents the forward and reverse kinetic data including
activation energies in kilocalories per mole, and preexponential
factors in cubic centimeters per mole second and inverse
seconds, for bimolecular and unimolecular reactions, respec-
tively. For the atom—radical recombination R1 and radical—
radical recombination R4 reactions, the rate constants were
found to decrease with increasing temperature. These rate
constants could still be expressed in an Arrhenius fashion, but
it would require a negative activation energy to capture the trend
accurately. Both reactions are nearly barrierless in the forward
direction. Increasing the temperature provides increased energy
to an activated complex, making it less likely for the complex to
proceed to the potential well through the product channel. The
rate expressions for these reactions are represented by a power
law expression, e.g., k = A(T/298) " to accurately capture the
negative temperature dependence.

Although it is difficult to conclude how the concentration
profiles of mercury and its oxidized forms will change as a func-
tion of the temperature quenching representative of postcom-
bustion flue gas without their inclusion into a global combustion
model, some indications of reaction behavior can be inferred
from the predicted rate constants. For instance, the fastest of all
the reactions is the unimolecular decomposition R1 of HgBr, as
indicated in Table 3 when compared to other rate constants at
ambient conditions. For the forward of R3, it is clear from the
very small (e.g, 4.37 x 10~ *") equilibrium constant that the
reactants are favored over the products, yet the forward activation
barrier is quite high. So, although the forward direction of R3 will
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be thermodynamically favored, it will likely be kinetically limited.
A direct comparison can be made between the competing HgBr,
formation pathways of RS (via Br,) and R6 (via HBr). From the
equilibrium constants, the products of R6 are thermodynamically
favored over those of RS, while the kinetics of RS are favored over
those of R6. This implies that both formation pathways are likely.
Finally, the reactions with low activation barriers, i.e., forward of
RS, reverse of R2, reverse of R3, and the reverse of R6, are likely
to depend weakly on temperature.

Upon the basis of a thorough comparison of geometry, vibra-
tional frequency, heats of reaction, and available kinetic data, the
most reliable predicted kinetic data are available in Table 7. It is
suggested that these data are used for implementation into post-
combustion flue gas modeling of mercury oxidation reactions
involving bromine. These data are intended for use over a broad
temperature range spanning the conditions of postcombustion flue
gases in order to more accurately determine trace metal speciation,
which will aid in the design of more effective control technologies
for these volatile and environmentally harmful compounds.
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