
389

24

Atomistic-Level Models

Jennifer Wilcox

24.1

Introduction

Understanding the speciation of mercury throughout the coal-combustion

process is crucial to the design of efficient and effective mercury removal

technologies. Mercury oxidation takes place through combined homogeneous

(i.e., strictly in the gas phase) and heterogeneous (i.e., gas–surface interactions)

pathways. Both bench-scale combustion experiments [1] and quantum-

chemistry-based theoretical model efforts [2, 3] indicate that homogeneous

mercury oxidation is responsible for, at most, 10% of the overall oxidation in a

typical coal-fired flue gas with chlorine levels at 500 ppmv (e.g., HCl equivalent).

These studies have been additionally confirmed by recent work that compares

model predictions to bench-scale experiments, with the simulation predictions

dependent on previous kinetic submodels developed specifically for Hg oxidation

[4, 5]. Mercury speciation in coal-fired flue gases are extremely complex and

depend on many factors, some of which include the mineralogy and chem-

istry of the coal, combustion conditions, power plant configuration, flue-gas

composition, and temperature-time history from the boiler to the stack.

The extent to which particulate-bound mercury (Hgp), gaseous oxidized mer-

cury (Hg2+), and gaseous elemental mercury (Hg0) are emitted from the stack

is also dependent on the existing pollution controls in a given power plant. The

effective removal of Hg through existing flue-gas control technologies acts as a

co-benefit (as discussed elsewhere in this book). For instance, electrostatic precip-

itators (ESPs), in particular cold-side ESPs and hot-side ESPs, capture, on average,

27% and 4% of Hg, while fabric filters (FFs) are more effective with approximately

58%Hg removal [6]. In general, Hgp or Hg2+ is easier to capture using one of these

control technologies. In addition, oxidized Hg may also be captured in existing

flue-gas desulfurization (FGD) units as the oxidized form is water-soluble. Acti-

vated carbon injection (ACI) is a direct method used for Hg capture, in which

powdered activated carbon (PAC) is injected into the plant’s flue-gas streamwhere

it adsorbs gaseous Hg and is collected in downstream particulate control devices,

such as FFs or ESPs. Heterogeneous investigations include both adsorption and
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oxidationmechanisms associatedwith natural surfaces present in the flue gas such

as fly ash, but also include surfaces associated with existing control technologies,

such as selective catalytic reduction (SCR) catalysts or specific Hg-control tech-

nologies such as activated carbon (AC) or precious-metal sorbents and catalysts.

The fundamental model investigations carried out to date may be classified into

three major categories: homogeneous Hg oxidation kinetics, chemisorption on

AC, and adsorption and amalgamation of Hg with precious metals.

24.2

Homogeneous Mercury Oxidation Kinetics

24.2.1

Mercury–Chlorine Chemistry

Gas-phase oxidation occurs primarily via chlorine species originally present

in the coal as the gases cool down through the air preheater and air pollution

control devices. Thermodynamic calculations predict that Hg oxidation occurs

at temperatures below approximately 700 ∘C and that Hg will be completely

oxidized at or below 450 ∘C [7]. Regardless of the thermodynamic equilibrium

model predictions, experimental evidence has found that not all of the Hg is

oxidized in the flue gas, regardless of the chlorine content of the coal. These

experimental findings have led the Hg control community to determine that

Hg oxidation is kinetically, rather than thermodynamically, limited [7]. For this

reason, there has been significant investigation of determining accurate Hg

oxidation kinetics from quantum-mechanical-based estimates because of the

difficulty of the flue-gas measurements.

Some of the first studies to include quantum chemistry into the examination of

the oxidation kinetics of Hg for flue-gas applications are those of Sliger et al. [8, 9],

in which a homogeneous kinetic model for Hg oxidation via chlorine was deter-

mined and coupled with bench-scale combustion experiments. On the basis of

these experiments, it was found that oxidation increases with increasing HCl con-

centration, which is consistent with previous experiments carried out byHall et al.

[10, 11] Adding to these initial investigations, the work of Wilcox et al. [12–14]

and Krishnakumar and Helble [15] provide a fairly complete set of Hg oxidation

kinetics via Cl-containing compounds for the following set of reactions:

Hg + Cl ↔ HgCl (R1)

Hg +O ↔ HgO (R2)

Hg + Cl2 ↔ HgCl + Cl (R3)

Hg + Cl2 ↔ HgCl2 (R4)
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Hg +HCl ↔ HgCl +H (R5)

Hg +HOCl ↔ HgCl +OH (R6)

HgCl + Cl ↔ HgCl2 (R7)

HgCl + Cl2 ↔ HgCl2 + Cl (R8)

HgCl +HCl ↔ HgCl2 +H (R9)

HgCl +HOCl ↔ HgCl2 +OH (R10)

Reactions 1, 2, 4, and 7 are all unimolecular decomposition reactions in the

reverse direction and are oftenwriting in terms of a collision partner “M” on either

side of the reaction. The collision partner is omitted here and as such the rate

constants reported herein are in units of cm3 mol s−1 for the forward directions

and s−1 for the reverse directions. If the concentration of the collision partner is

taken into account, the forward direction of the recombination reactions would

have units of cm6 mol2 s−1. The remaining reactions are classified as bimolecular

with reported units of cm3 mol s−1. A variety of quantum-mechanical-based

approaches have been carried out to accurately predict the rate constants of

R1–R10. As there are limited experimental data available for these reactions,

especially at high temperature, the levels of theory employed have been bench-

marked against available experimental structural and thermochemical data. A

comparison of predicted to measured vibrational frequency and bond distance

data is presented in Tables 24.1 and 24.2, respectively. The levels of theory

considered in Tables 24.1 and 24.2 are based on previous high-level kinetics

predictions that have relied on these combined methods and basis set choices.

The methods that have resulted in the most accurate predictions include B3LYP,

MP2, MP4, QCISD, QCISD(T), and CCSD(T), and have been used alongside a

variety of basis sets. Owing to the large number of electrons in Hg [16], basis sets

incorporating relativistic effects for the inner-core electrons are required. The

work of Wilcox et al. on Hg oxidation via Cl-containing compounds has relied

primarily upon two basis sets, that is, the “60VDZ” basis set of the Stevens et al.

[17] group and the “60MDF” basis set of the Stuttgart [18] group. Both of these

basis sets replace 60 of Hg’s atomic core electrons with a relativistic effective core

potential. The work of Krishnakumar and Helble [15] has relied upon the “SDD”

basis set for Hg, which uses Stuttgart [18] pseodopotentials, in addition to the

“CEP-121G” basis set, which uses pseodopotentials developed from the Stevens

[17] group. For the non-Hg species, either the D95++(3df,3pd) or the Pople

6-311++G(3pd,3df) basis set was used. Both of these basis sets include diffused

and polarization functions on the O, Cl, Br, and H atoms. For the prediction of

Hg oxidation via Br-containing compounds, Wilcox and Okano [19] used the

augmented correlation-consistent basis set developed by Peterson et al. [20, 21],

termed AVTZ.
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Table 24.1 Comparison between experimental and theoretical vibrational frequencies

(cm−1) for various mercury-containing compounds.

Molecular species Vibrational frequency (cm−1) Level of theorya)

Experiment Prediction

HgCl 292.61 [22]; 244.4 B3LYP/60VDZ

298.97 [23] 280.6 QCISD(T)/SDD

285.5 MP4/SDD

290.3 QCISD/CEP-121G

290.6 QCISD/60VDZ

303.0 MP2/CEP-121G

HgBr 188.3 [24] 153.8 CCSD(T)/AVTZ

162.7 B3LYP/60MDF

HgO NA 390 QCISD(T)/60VDZ

HgCl2 (symmetric stretch) 313–366 [25, 26] 318 B3LYP/60VDZ

340 QCISD/60VDZ

(Bend) 100 [27] 92 B3LYP/60VDZ

97 QCISD/60VDZ

(Asymmetric stretch) 376–413 [28] 374 B3LYP/60VDZ

394 QCISD/60VDZ

HgBr2 (symmetric stretch) 218–229 [29–32] 201 B3LYP/60MDF

218 CCSD(T)/AVTZ

(Bend) 68 [27] 60 B3LYP/60MDF

67 CCSD(T)/AVTZ

(Asymmetric stretch) 293 [33] 271 B3LYP/60MDF

289 CCSD(T)/AVTZ

a) All predictions from Wilcox et al. [12–14, 19] with the exception of SDD and CEP-121G basis

sets, which were sourced from Krishnakumar and Helble [15].

The predicted vibrational frequencies of the ground states of HgCl, HgBr, HgO,

HgCl2, and HgBr2, have all been compared to experimental data, except in the

case of HgO, in which experimental data was unavailable. There have been two

experimental reports of the single vibrational mode of HgCl reported in the lit-

erature, that is, 292.61 [22] and 298.97 cm−1 [23] and a number of experimental

investigations [25–28] on the vibrational modes of HgCl2. From Table 24.1 it can

be seen that theQCISD (CEP-121G, 60VDZ) andMP2/CEP-121G levels of theory

agree best with experiment. In addition, the QCISD/60VDZ level of theory was

also able to accurately predict the vibrational frequencies of HgCl2. A number of

experimental measurements [24, 27, 29–31, 33] have also been made on HgBr

and HgBr2, and a comparison of experiment to prediction shown in Table 24.1

indicates that the CCSD(T)/AVTZ level of theory is the most accurate.

Table 24.1 also includes a comparison of the predicted equilibrium bond dis-

tances to available measured data. Experimental measurements [34–36] of HgCl

bond distances range from 2.23 to 2.50Å. All of the levels of theory investigated

predict bond distances within this range.The experimental bond distances [34, 38,

39] for HgCl2 range from 2.25 to 2.44, and again, both levels of theory considered
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Table 24.2 Comparison between experimental and theoretical bond lengths (Å) for various

mercury-containing compounds.

Molecular species Bond length (Å) Level of theorya)

Experiment Prediction

HgCl 2.23–2.50 [34–36] 2.40 MP4/SDD

2.41 QCISD (CEP-121G; 60VDZ)

QCISD(T)/SDD

2.48 B3LYP/60VDZ

2.49 MP2/CEP-121G

HgBr 2.62 [24] 2.62 B3LYP/60VDZ

2.64 B3LYP/60MDF

2.70 CCSD(T)/AVTZ

HgO 2.03 [37] 2.07 QCISD(T)/60VDZ

HgCl2 2.25–2.44 [34, 38, 39] 2.30 QCISD/60VDZ

2.32 B3LYP/60VDZ

HgBr2 2.378 [40] 2.40 CCSD(T)/AVTZ

2.46 B3LYP (60MDF; 60VDZ)

a) All predictions from Wilcox et al. [12–14, 19] with the exception of SDD and CEP-121G basis

sets, which were sourced from Krishnakumar and Helble [15].

provide accurate predictions. The QCISD(T)/60VDZ level of theory predicts a

bond distance of 2.07Å for HgO, which agrees reasonably well with the experi-

mental value [37] of 2.03Å from X-ray diffraction measurements.The HgBr bond

distance was measured by Tellinghuisen and Ashmore [24] using emissions spec-

tra photography,with an estimated bonddistance of 2.62Å,whichmatches exactly

with the predicted value from B3LYP/60VDZ. Experimental results of Deyanov

et al. [40] yield an Hg–Br bond distance within the HgBr2 molecule of 2.378Å.

In general, the CCSD(T)/AVTZ level of theory predicts both the HgBr and HgBr2
geometries reasonably accurately, deviating from experiment by 0.08 and 0.03Å,

respectively.

In addition to the spectroscopic and structure comparison, the enthalpy

changes of the reactions of interest have also been predicted and directly com-

pared to available experimental data. Table 24.3 shows both thermochemical

and kinetic parameter predictions along with available experimental estimates

for reaction enthalpies. In particular, Reaction 1 has received a lot of attention

because of the discrepancies reported in the literature and it has been established

as the rate-determining step for homogeneous Hg oxidation. The rate constant

has been measured experimentally by Donohoue et al. [41] using laser-induced

fluorescence and by Horne et al. [42] using flash photolysis. An effective second-

order rate constant of 4.57× 1011 cm3 mol s−1 was calculated by Donohoue

et al. from their reported Arrhenius expression at 260K and 1 atm. Similarly,

the second-order rate constant reported by Horne et al. at 393K and 1 atm is

1.95× 1013 cm3 mol s−1. There has been one quantum-based theoretic prediction

for the rate constant of the forward recombination pathway of Reaction 1 by
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Krishnakumar and Helble [15] at the MP2/CEP-121G level of theory, which is

3.77× 109 and 1.52× 1010 cm3 mol s−1 at 260 and 939K, respectively. The reverse

rate constant of Reaction 1 may be estimated on the basis of available experimen-

tal equilibrium constant as the equilibrium constant is equal to the ratio of the

forward and reverse rate constants. The reverse unimolecular decomposition of

HgCl was investigated by Wilcox et al. [14] at the QCISD/60DVZ level of theory

with a prediction of 1.45× 104 s−1, compared to the experimentally calculated

estimate of 4.31× 103 s−1, derived from the measurement of Horne et al. at 393K

and 1 atm. Both MP2/CEP-121G and QCISD/60VDZ levels of theory predict

the heat of reaction for HgCl decomposition accurately to within 1 kcalmol−1, as

shown in Table 24.3.

For the HgO formation reaction (R2), both the forward and reverse rate

constants have been predicted by Wilcox [13] at 1 atm and over a temperature

range of 298–2000K, with the kinetic parameters of the forward recombination

reaction presented in Table 24.3. It is noted that the thermal decomposition

temperature of mercuric oxide is 773K. There are no experimental rate constant

data to compare to, but the heat of reaction has been compared against previously

reported theoretical and experimental estimates. Estimating the enthalpy of

formation of HgO has received a great deal of attention in the literature, and this

formation enthalpy is required for accurate estimation of the reaction enthalpy.

Theoretical calculations [39, 43, 44] have reported enthalpies of formation

ranging between 60.2 and 81.2 kcalmol−1, with an experimental estimate [38] of

10 kcalmol−1. The reaction enthalpy estimates are listed in Table 24.3 and range

from −4.00 to −13.97 kcalmol−1 based on theory to −64.22 kcalmol−1 based

on experiment. The QCISD(T)/60VDZ level of theory predicts an enthalpy of

reaction of −10.58, which agrees well with previous estimates and was used to

determine the temperature-dependent rate constant parameters at 1 atm. Both

thermochemical and kinetic parameters are available in Table 24.3 for Reactions

3–10, with the details of comparison and calculation available in the original

work of these previous studies. The goal of these fundamental gas-phase sub-

models is to provide kinetic data to global reaction models that would otherwise

be deficient owing to the limited experimental data available over the flue-gas

temperature range of interest.

Bench-scale simulated flue-gas experiments have been carried out by Fry et al.

[45] and Cauch et al. [1] to accurately measure Hg oxidation as a function of

quench rate. Fry et al. [45] carried out experiments to evaluate the effects of

quench rate and quartz surface area on Hg oxidation and performed a detailed

kinetic modeling analysis of homogeneous Hg oxidation reactions. In their

system, Hg and Cl2 are injected into a natural gas-fired premixed burner to

produce a radical pool representative of real combustion systems and passed

through a quenching section following the hot temperature region in the furnace

as the quench rate of the flue gas can influence the extent of Hg oxidation. Two

different temperature profiles were employed, producing quench rates of −210
and −440K s−1. The Hg concentration in the reactor was 25 μgm−3, while Cl2
concentrations ranged from 100 to 600 ppmv (equivalent HCl concentration).
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At Cl2 concentrations of 200 ppmv, the larger quench rate resulted in a 52%

increase in Hg oxidation compared to the lower quench rate. On the basis of

kinetic modeling of the post-flame chlorine species, it was assumed that the Cl2
molecules are converted to Cl radical species as they pass through the flame and

then are subsequently converted predominantly to HCl. When investigating the

effect of surface area of the quartz reactor, a threefold increase in surface area

resulted in a 19% decrease in Hg oxidation, which is explained by the chlorine

radical termination at the surface. It was concluded that quartz surfaces do

not catalyze Hg oxidation reactions, but inhibit them, and that these surface

interactions are negligible.

Recent experimental results of Cauch et al. [1] have shown that previously

reported homogeneous Hg oxidation in the presence of chlorine may be exagger-

ated because of bias when using wet-chemistry measurement techniques. Linak

et al. [46] have shown that Cl2, in a simulated flue gas in the absence of SO2,

creates a bias in the Ontario Hydro method and overpredicts the concentrations

of oxidized Hg. It has been shown that as little as 1 ppmv Cl2 is enough to

create a bias of 10–20% in the amount of oxidized Hg captured in the KCl

solution. Within this study, the bias was eliminated by adding SO2 to the flue

gas or adding sodium thiosulfate (Na2S2O3) to the KCl impinger. Similarly,

Ryan and Keeney [47], in an actual flue-gas environment, have demonstrated

that 10 ppmv Cl2 added to the flue gas without SO2 results in 91.5% oxidized

Hg, with a decrease to 39% when the KCl impingers are spiked with sodium

thiosulfate. A simulation study has been carried out by Gharebaghi et al. [4, 5]

using the results from the experiments of Cauch et al. [1] with the corrected

conditioning system to test the performance of the fundamental homogeneous

Hg oxidation kinetics. Simulation of Hg speciation was carried out using the

PREMIX module of the CHEMKIN II software package [48]. The Arrhenius

parameters for the model predictions were taken from a combination of sources,

with Reactions 1, 3, 5–10 included in the model in particular. The experimental

rate constant determined by Donohoue et al. [41] was used for Reaction 1,

model predictions from Niksa et al. [49] were used for Reactions 3 and 7, and

quantum-level theoretical predictions were provided from Wilcox et al. [12, 14]

for Reactions 5, 6, 8–10. Additional supporting mechanisms include chlorine

chemistry from Roesler et al. [50], C/H/O mechanism by Dreyer et al. [51], and

the Leeds SOx and NOx mechanism [52], resulting in a global combustion model

of 80 species and 361 reactions. Figure 24.1 shows the results of the simulation

predictions and their comparison to the bench-scale experiments of Cauch et al.

[1] The model provides reasonable agreement with the experimental data at the

440K s−1 quench rate, but underpredicts the data at 210K s−1.

The experimentally derived activation energies and rate constants can have sig-

nificant errors due to wall effects as well as uncertainties in the determination of

mercury and its compounds down to parts per billion and lower levels in flue gas.

Noting these potentially large experimental uncertainties introduced by hetero-

geneous chemistry occurring on the reactor walls, and the measurement uncer-

tainties, the models appear to reasonably reflect the experimental data.
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Figure 24.1 Error bars represent the standard deviation from analysis of multiple

experiments.

24.2.2

Mercury–Bromine Chemistry

Significant attention has been paid to Hg oxidation via bromine, in addition to

chlorine, because of the enhanced Hg oxidation kinetics of Br-containing com-

pounds. Previous investigations report that bromine reacts faster than chlorine

toward the production of HgBr2. Similar to the Hg oxidation reactions involv-

ing Cl-containing species, Gharebaghi et al. [4] have also simulated Hg oxidation

based on the following reactions:

Hg + Br ↔ HgBr (R11)

Hg + Br2 ↔ HgBr + Br (R12)

Hg +HBr ↔ HgBr +H (R13)

Hg +HOBr ↔ HgBr +OH (R14)

HgBr + Br ↔ HgBr2 (R15)

HgBr + Br2 ↔ HgBr2 + Br (R16)

HgBr +HBr ↔ HgBr2 +H (R17)

HgBr +HOBr ↔ HgBr2 +OH (R18)
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Figure 24.2 Comparison of measured and predicted Hg oxidation with HBr addition at two

different reactor temperature quench rates [4].

Similar to themethodology previously discussed,Gharebaghi et al. [4] have used

a variety of fundamentally derived rate parameters to simulate the global oxidation

behavior of these reactions and have directly compared to experimental predic-

tions of Cauch et al. [1], as shown in Figure 24.2. The rate parameters of Reaction

11 were taken from the experiments of Donohoue et al. [53] using laser-induced

fluorescence, while the rate parameters of Reactions 14, 16, and 18 were taken

fromwork carried out by Niksa et al. [54]The rate parameters for Reaction 15 was

calculated from first principles by Goodsite et al. [55], while the parameters for

Reactions 12, 13, and 17 were provided by Wilcox and Okano [19] and are based

on first-principle quantum mechanical calculations. Table 24.4 provides a fairly

complete list of thermochemical and kinetic parameters associatedwith 8 of the 10

Hg–Br reactions of interest. In previous work, Wilcox and Okano [19] compared

their predicted rate data of Reactions 11, 12, and 15 to available experimental [53,

56] and theoretical [55–60] data in the literature. In particular, the theoretical

rate constant prediction of 3.84× 1011 cm3 mol s−1 at the CCSD(T)/AVTZ level of

theory for the forward direction of Reaction 11 agrees well with other theoretical

[56–59] (ranging between 1.80× 1011 and 1.92× 1012 cm3 mol s−1) and experi-

mental [53] (ranging between 1.08× 1011 and 3.25× 1011 cm3 mol s−1) estimates at

298K and 1 atm. In addition, for Reaction 12, the theoretical rate constant predic-

tion of 9.9× 10−8 cm3 mol s−1 at the B3LYP/60VDZ level of theory for the forward

direction agrees well with a slight underprediction compared to other theoretical

calculations [60], which range between 1.96× 10−7 and 3.25× 10−7 cm3 mol s−1 at

298K and 1 atm. Additional details are available in the manuscript of Wilcox and

Okano [19].
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Table 24.4 Comparison between thermochemical (reaction enthalpy) and kinetic (rate con-

stant) parameters of mercury oxidation via bromine-containing compounds over various

levels of theory.

Reaction Thermochemistry Kinetics Level of theory [19]

𝚫Hrxn

(kcalmol−1)

A
(cm3 mol s−1)

Ea
(kcalmol−1)

Experiment [38] Prediction Prediction

R11. Hg+Br↔HgBr −16.51 −16.72 2.00a)[12] 1.91 B3LYP/60VDZ

−15.74 4.00a)[11] 0.85 CCSD(T)/AVTZ

R12. Hg+Br2 ↔HgBr+Br 29.56 28.83 9.76 [14] 26.49 B3LYP/60VDZ

31.59 1.15 [15] 30.08 CCSD(T)/AVTZ

R13. Hg+HBr↔HgBr+H 70.95 67.69 1.86 [13] 71.58 B3LYP/60VDZ

R15. HgBr+Br↔HgBr2 −72.02 −71.94 2.00a)[12] 9.18 CCSD(T)/AVTZ

−70.13 8.00a)[10] 7.644 B3LYP/60MDF

R16. HgBr+Br2 ↔HgBr2 +Br −25.95 −24.61 4.02 [11] 0.87 CCSD(T)/AVTZ

R17. HgBr+HBr↔HgBr2 +H 15.44 14.28 9.41 [12] 18.68 B3LYP/60MDF

a) Temperature-dependent rate expression is 𝑘 = 𝐴

(
𝑇

298

)−𝑛
with n listed in the Ea column.

Numbers in parentheses represent powers of 10.

The concentration of equivalent HBr was varied between 0 and 45 ppmv com-

pared to a range of 0–500 ppmv of equivalent HCl as HBr dissociates more read-

ily than HCl, resulting in a greater quantity of Br radicals for Hg oxidation. The

homogeneous Hg oxidation model via bromine predicts that oxidation begins

at a higher temperature than in the case of chlorine, at approximately 1100K

compared to 800K (chlorine). The simulated results are in reasonable agreement

with experiment for the 450K s−1 quench rate above 25 ppmv equivalent HBr,

but overestimate oxidation at lower concentrations. On the other hand, for the

220K s−1 quench rate, the simulations underpredict oxidation at high tempera-

ture and show reasonable agreement at concentrations less than 10 ppmv equiv-

alent HBr. Owing to the disagreement between the simulation predictions and

experiments, it is clear that additional work is still required in this area. It is also

noted that there is substantial uncertainty in the experimentally derived kinetic

parameters.

From these previous combined modeling-experimental studies it is clear that

homogeneous Hg oxidation is only one aspect of the complete mechanism in

the complex flue-gas environment. In reality, surfaces are present in the form of

unburned carbon, which may serve to both adsorb and oxidize Hg. Oxidized Hg

may be captured in existing downstreamwet FGD units and Hgp may be captured

via ESPs or FFs. Therefore, understanding the mechanism of Hg reactivity across

carbon surfaces is imperative to its effective control.
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24.3

Heterogeneous Chemistry

24.3.1

Mercury Adsorption on Activated Carbon

AC has been extensively tested in laboratory- and full-scale systems and has

shown the capacity to capture both elemental and oxidizedHg in coal combustion

flue gas. A relatively large amount of AC injection is required for the control of

Hg from subbituminous-coal- or lignite-combustion flue gas. Depending on the

system conditions, an AC-to-mercury mass ratio of at least 3000–20 000 (C/Hg)

may be necessary to achieve 90% Hg removal [61–63]. Currently, the design of

more effective Hg capture technology is limited by incomplete understanding of

the mechanism(s) of Hg oxidation and adsorption on carbon surfaces [64].

The development of accurate fundamental models for Hg–AC reactivity

requires careful characterization experiments on materials exposed to well-

controlled reaction conditions. Therefore, an overview of such experiments will

be discussed before the theoretical model efforts. It is generally accepted that

acidic sites on the surface are responsible for elemental Hg capture on AC [65, 66].

In its atomic state, Hg acts as a base in that it has the propensity to oxidize (i.e.,

donates electrons to a surface or another gas-phase molecule); therefore, Hg will

readily interact with acidic sites on the carbon surface. However, once oxidized,

and thus acidic in nature, Hg species are thought to compete with acidic gases for

the basic sites available on the carbon surface.

The presence of halogens (i.e., bromine, chlorine, and iodine) promotes Hg oxi-

dation on carbon surfaces [66, 67]. Subsequently, AC demonstrates higher Hg

removal performance in the flue gas of coals with greater chlorine content, as

the combustion of such coal results in a higher concentration of HCl in the flue

gas. Hutson et al. [68] exposed brominated and chlorinated AC toHg-laden simu-

lated flue gas and characterized the sorbents using X-ray absorption spectroscopy

(XAS) andX-ray photoelectron spectroscopy (XPS).Within this work no evidence

was found for homogeneous oxidation of Hg, and no Hg was found present on the

AC surface; however, oxidized Hg was found on the surface, present as a chlori-

nated or brominated species. It is important to note that owing to the low coverage

of Hg on the carbon, the speciation of Hg was not determined. Given the results,

the authors proposed Hg capture on chlorinated and brominated carbons occurs

via surface oxidation of Hg with subsequent adsorption on the carbon surface.

Similar to its role in homogeneous Hg oxidation, bromine is thought to have a

stronger promotional effect on Hg oxidation/adsorption, but the reason for the

difference between bromine and chlorine is not well understood. Recently, the

Hg oxidation was demonstrated on a wood-derived Cl-promoted AC in both N2

and flue gas [69]. The adsorption of Hg on AC was shown to be a chemisorption

process, where all Hg was oxidized to Hg2+ on the surface as a result of chlorine

promotion.While chlorinewas consumed,Hg2+ was still noted as being present in

the outlet gas, indicating that the AC was also capable of catalyzing Hg oxidation.
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Huggins et al. [70] characterizedAC samples after testing inHg-laden simulated

flue-gas conditions using X-ray absorption fine structure (XAFS) spectroscopy.

The XAFS results revealed that chlorine and sulfur are adsorbed on the AC sur-

face after exposure to HCl and SO2, and Hg-anion chemical bonds are formed

in the sorbent materials. They suggest that the acidic flue-gas species (e.g., HCl,

HNO3, H2SO4) promote the creation of active sites for Hg chemisorption on the

carbon surface, and that an oxidation process, either in the gas phase or simul-

taneously as the Hg atom interacts with the sorbents, is involved in the capture

of Hg. Olson et al. [66] performed fixed-bed tests with various gas conditions

for Hg and HgCl2 adsorption on AC and found that the presence of both HCl

and NO2 reduced the induction period of Hg oxidation, and that in general acid

flue-gas components significantly impacted the adsorption of oxidizedHg species.

The formation and presence of the oxidized form, Hg(NO3)2, was observed in the

effluent gas in the presence of NO2, but in the absence of HCl. Laumb et al. [71]

carried out surface analyses using XPS on ACs exposed to Hg-laden simulated

flue gas (e.g., SO2, NO2, HCl, H2O), but were unable to determine the oxidative

state of surface-bound Hg due to interference with silicon (Si), which is present at

comparable levels to Hg within the carbon matrix. Wilcox et al. [72] investigated

the binding mechanism of Hg on brominated AC sorbents with a combination of

XPS and theoretical modeling. It was found that Hg exists in the oxidized forms

on brominated carbon surfaces, as shown in Figure 24.3.

Ab initio electronic structure investigations based on density functional the-

ory (DFT) have been conducted to elucidate the interaction of Hg with AC, using

simplified carbon models to represent AC. There have been a limited number

of theoretical investigations, and, to the authors’ knowledge, the effect of acid

flue-gas species on Hg-AC interactions has not been investigated. AC is very diffi-

cult to model given its highly inhomogeneous structure. Several initial theoretical

investigations have been conducted using cluster models to represent graphene,

ranging from single benzene rings [73] tomultiple fused rings [74] with embedded

halogens as shown in Figure 24.4.

Carbon with Cl-containing functional groups exhibits enhanced Hg adsorption

capacity. Furthermore, themost stable Hg surface species was HgCl, while Hg and

HgCl2 were found to be thermodynamically unstable on these simplified surfaces

of AC [74].Theoretical calculations byOlson et al. [76] supported the role of acidic

sites on the AC in Hg capture. They hypothesized that HCl is energetically stable

at the cationic zigzag edge sites of AC and proposed three possible models of Hg

oxidation:

1) Hg charge transfer complex forms on the cationic center of HCl on AC and is

subsequently attacked by Cl−,

2) elemental Hg interacts simultaneously with the cationic HCl-AC site and Cl−,

or

3) oxidation by the dictation site formed by HCl and NO2 on AC.

Olsen et al. [76] suggested that Hg has the propensity to be oxidized by donating

its electrons to a surface or another gas-phasemolecule; therefore, in its elemental
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Figure 24.3 Hg 4f core level XPS spectra for activated carbon sorbents at various indicated conditions; (a–c) brominated AC sorbents

and (d) virgin AC sorbent [72]. (Reprinted with permission from (Wilcox et al., J Air & Waste Manag. Assoc., 61(4), 418, 2011). Copyright

(2011) Taylor & Francis.)
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state, Hg acts as a Lewis base with the desire to interact with an acidic site, thereby

forming a strong C–Hg covalent bond on the carbon surface.

More recent investigations have used plane-wave DFT to model AC, which

allows for the use of periodic systems such as a graphene. Graphene ribbons

with exposed edge sites have been used for investigations of the reactivity

of carbonaceous surfaces to various gas species [77]. Several investigations

support the zigzag carbene structure model, where the zigzag edge site acts as a

Lewis base and reacts with acid gas components thereby serving as a potential

adsorption site for oxidized Hg [77, 78]. A recent DFT study [79] on the effect

of chemical functional groups on Hg adsorption on carbon surfaces supports

this suggestion. The study indicates that an embedded halogen atom promotes

chemisorption on the neighboring site, which is consistent with experimental

results, and indicative of Hg oxidation. Results also indicate a varying effect

of organic groups on Hg adsorption, with lactone, carbonyl, and semiquinone

groups promoting Hg chemisorption while phenol and carboxyl functional

groups promote physisorption and reduce overall Hg capture. A mechanistic

study of Hg oxidation due to halides on carbon materials proposes that the

interactions of microcrystalline graphitic structures with halide ions result in the

withdrawal of electrons from the graphitic structure, producing a strong Lewis
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acid site [80], with Hg adsorption combined with the electron-transfer results in

Hg oxidation.

To date, little work has been conducted on the effect of Br on Hg-AC interac-

tions. Wilcox et al. [72] investigated the binding mechanism of Hg on brominated

AC sorbents with a combination of experimental work, as discussed previously,

and quantum-mechanical modeling using a nine-benzene-rings-wide graphene

ribbon. Consistent with Padak and Wilcox’s [75] results for Hg adsorption in the

presence of chlorine, it was found that HgBr species are more stable on the car-

bon surface than HgBr2 species. Furthermore, DFT and density of states (DOSs)

calculations indicate that Hg is more stable when it is bound to the edge C atom

interacting with a single Br atom bound atop of Hg. However, while the form ofHg

adsorbed on the AC surface may be oxidized, the exact speciation of the adsorbed

Hg is remains in question. Furthermore, theHg adsorptionmechanism on the car-

bon surface and the effects of the flue-gas components are not well understood.

Additional work, including closely coupled experimental and theoretical investi-

gations, is required to determine the binding mechanism of Hg on AC sorbents in

various flue-gas environments and to further elucidate the adsorptionmechanism

of Hg on AC.

24.3.2

Mercury Adsorption on Precious Metals

In general, precious metal adsorption of Hg has been applied to Hg capture from

fuel gases of coal gasification processes as these metals, in contrast to carbon-

based sorbents, may withstand the high temperatures of gasification processes.

For gasification applications, the product is termed a fuel gas, and consists pri-

marily of H2, CO2, and CO, while in the case of traditional coal combustion, the

exhaust gas is termed a flue gas and is comprised primarily of N2 and CO2.

Preciousmetals, including palladium (Pd), platinum (Pt), gold (Au), iridium (Ir),

and rhodium (Rh), have traditionally been used as modifiers for graphite-tube

atomic absorption or emission analysis of solid and liquid samples. Among them,

Pd has been identified as the best modifier for the adsorption of Hg [16]. In a study

carried out by Steckel [81], DFT is used to carry out electronic structure calcula-

tions on slab models representing the (001) and (111) surfaces of silver (Ag), Au,

copper (Cu), nickel (Ni), Pd, and Pt. Relatively strong binding for all of the met-

als was noted, with binding energies of ∼1 eV for Pt and Pd. However, the DFT

method used appears to underestimate the adsorption energy when compared

directly to experimental results. Mercury has been predicted to have a stronger

bond with the (001) surface, where fourfold hollow sites exist, in contrast to the

threefold hollow sites on (111) surfaces. Aboud et al. [82] performed a DFT study

of Pd alloyed with small amounts Au, Ag, and Cu and found that doping of the

Pd surface increased the overall binding energy of Hg, which is beneficial for a

sorption process. Furthermore, the binding energy increased the most when the

dopants remained subsurface. In a continuation of the work, Sasmaz et al. [83]

showed that Pd is primarily responsible for interacting with Hg in both alloys and
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Figure 24.5 (a) Scheme of a supercell

of (111) surfaces. (b) Threefold adsorp-

tion sites of Pd3M binary alloys: (A) pure-
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face-centered cubic (fcc) site, (C) mixed-hcp

site, and (D) mixed-fcc site. (c) Threefold

adsorption sites of PdM3 binary alloys: (A)

pure-hcp site, (B) pure-fcc site, (C) mixed-

hcp site, and (D) mixed-fcc site. (d) Side

view of 3Pd/M(111) structure [83]. (Reprinted

with permission from (Sasmaz, et al., J. Phys.

Chem. C, 113, 7813, 2009). Copyright (2009)

American Chemical Society.)

overlays and that the interaction is a result of overlap between the s- and p-states

of Pd and the d-state of Hg. Figure 24.5 shows various adsorption sites of Hg on

binary alloys and overlays of Pd with other metals, M, such that M represents

either gold, silver, or copper.

Jain et al. [84] theoretically screened potential high-temperature metal sor-

bents for Hg capture in syngas streams. Using DFT predictions, the enthalpy of

amalgamation and oxidation for metals was evaluated to predict the capability

of Hg sorption and oxidation in the gas stream, demonstrating that Pd has the

highest amalgamation enthalpy of all metals. Figure 24.6 shows the Hg amalgam

formation enthalpy versus the binary oxide formation enthalpy to clarify the

tendency of various metals for amalgamation and oxidation. Metals above the

O2 gas chemical potential line (i.e., dashed horizontal line) are estimated to form

oxides and metals to the right of the Hg gas chemical potential (i.e., dashed

vertical line) are estimated to form amalgams in the syngas stream. Metals

satisfying both criteria (i.e., Section (II) in Figure 24.6) were found to form oxides

rather than amalgams according to the grand canonical potential predictions.

An ideal metal, which amalgamates without oxidizing, is located in Section (IV)

of Figure 24.6. No metals are available in the most desirable area, but Pd is the

closest to the area, indicating that Pd is the most promising metal for Hg capture.
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Earlier experiments have validated the mechanisms of reactivity proposed by

theory. For example, Baltrus et al. [85, 86] showed some evidence of Hg amal-

gamation on Pd/Al2O3. Maximum Hg adsorption on Pd/Al2O3 occurs at 204
∘C

and at low loadings of Pd (<8.5wt% Pd). An interesting finding is that Hg adsorp-

tion is suppressed by an excess of As; however, H2S in fuel gas can improve this

imbalance by moderately inhibiting the As adsorption while enhancing the Hg

adsorption [86]. Poulston et al. [87] compared the Hg removal capacities of Pd

and Pt sorbents supported on alumina and found that Pd is superior to Pt sor-

bents for Hg removal.This trend is supported by Figure 24.5, which indicates that

Pt is located farther from the Section (IV) than Pd. The Hg removal capacity of

both Pd and Pt sorbents increase with metal loading but decreases with sorbent

temperature. Although most metal sorbent candidates exhibit poor capacities for

Hg at temperatures greater than 204 ∘C, Pd proves to be an attractive sorbent for

the Hg removal at elevated temperatures [16]. Fuel-gas substances that may affect

the Hg adsorption onmetal sorbents may includemoisture, H2S, CO, andH2 [16].

Baldeck et al. [88] presented data on the use of Au traps for the quantitative fuel-

gas separation of Hg in the form of an amalgam of Au2Hg3. It was suggested that

Hg removal on Au is not affected by corrosive substances such as SO2, H2S, and

organic compounds that may be present in flue gas.
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24.4

Conclusions and Future Work

Atomistic modeling efforts have resulted in important insight into the homoge-

neous and heterogeneous mercury chemistry in power plant flue gases. Future

work may focus upon the heterogeneous chemistry of mercury on common fly

ash metal oxides, the ductwork walls within the power plants, and the SCR cata-

lysts employed for reduction of NOx. Recent and past works [62, 89, 90] hint at a

possible important role for iodine and its compounds for promoting the oxidation

of mercury in flue gas. It is suggested that further work is merited on the halogens,

including both the heterogeneous chemistry on carbon, as well as the gas phase

chemistry involving chlorine, bromine, and iodine species.
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