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Mercury Species and SO, Adsorption on CaO(100)
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First principles-based quantum mechanical tools based upon Density Functional Theory were used to investigate
the binding mechanism of Hg species and SO, on CaO(100) surfaces for parallel and perpendicular orientations.
One-fold, 2-fold and 3-fold high symmetry adsorption sites have been examined for the species, Hg’, SO,,
HgCl, HgCl, and HgO. It has been discovered that HgCl, HgCl,, and SO, are strongly adsorbed on the
Ca0O(100) surface at 0.125 ML coverage with chemisorption as the likely adsorption mechanism. Binding
energies of Hg® are minimal indicating a physisorption mechanism.

Introduction

Sulfur dioxide (SO») and mercury (Hg) are major atmospheric
pollutants from coal combustion industries, and within the
United States alone, 48 tons of mercury are released each year
from coal burning.! In 2005, the Environmental Protection
Agency (USEPA) adopted the Clean Air Mercury Rule to reduce
mercury emissions from coal-fired power plants which will
ultimately reduce U.S. emissions of mercury by 70%. Although
this rule was vacated by congress in February 2008, roughly
half of the states have existing mercury emissions controls in
place for coal-fired power utilities.?

In flue gas desulphurization (FGD) processes, calcium-based
sorbent materials are used to capture SO, from flue gas;
however, calcium-based sorbents can also capture trace elements
(TE) such as Hg, arsenic (As), and selenium (Se), in addition
to SO,.3715 Among all of these trace elements, elemental Hg
causes the highest concerns, because it is more volatile and can
easily pass through existing particulate control devices. Since
FGD byproducts are used in gypsum production, which is then
recycled to make wallboard and stucco materials, possible
release of Hg might occur within the high-temperature recycling
processes of gypsum.!® Throughout the world, gypsum produc-
tion is increasing steadily and the U.S. is the largest gypsum
producer compensating 16.4% of world demand, with the world
gypsum production being 102 million metric tons.!”~1° As the
gypsum demand increases, it is essential to limit Hg capture in
FGD processes to prevent the possible leaching of Hg in the
recycling processes of FGD byproducts. Understanding the
mechanisms associated with Hg and SO, adsorption will be
crucial to limiting TE adsorption in FGD processes.

Mercury can exist in the elemental (Hg?), oxidized (Hg,
Hg?"), or particulate (Hg,) forms in the flue gas depending upon
combustion conditions, the coal’s chlorine content, and amount
of hydrogen chloride (HCl). In addition, depending upon the
temperature range of the quench zone, oxidized mercury can
be found as mercuric chloride (HgCl,) and mercuric oxide
(HgO) attemperatures lower than 600 and 400 °C, respectively.?02!
It is known that Hg® vapor is the dominant form compared to
the oxidized form; however, Hg reacts with acid species to
form Hg™ or Hg?*.?? Therefore, it is important to investigate
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the adsorption mechanism associated with the different forms
of Hg to understand their behavior in the flue gas.

The content of commercially used Ca-based sorbents in FGD
processes might vary with different compositions of CaO,
calcium hydroxide (Ca(OH),), calcium carbonate (CaCOs3)
and calcium sulfate (CaSO4+H»0).2 In addition, Ca-based
sorbents can be exposed to steam by which subsequent
hydroxylation can lead to an increase in their reactivity. The
reaction (CaO + H,O <= Ca(OH);) between CaO and H;O,
being reversible and exothermic, occurs rapidly.?* Kuborovic
et al. found that the formation reaction of Ca(OH), with water
vapor equilibrates at approximately 740 K, and above this value
the reaction proceeds in the direction of the reactant species,
CaO and H,O. The same reaction with water in the liquid phase
yields a negative Gibbs free energy of reaction between 298
and 373 K, indicating that the reaction occurs in the direction
of the product species, Ca(OH),.?* Previous investigations
indicate that water vapor enhances the reactivity'>!# of Ca-based
sorbents by increasing the rate of surface dissolution, thereby
promoting stable complex formation at high vapor pressures.!*!3
In this study, the interaction of flue gas species with clean a
CaO(100) surface has been examined and mechanisms associ-
ated with the adsorption of SO, and Hg species including Hg®,
Hg™ (HgCl), Hg?>" (HgCl, and HgO) on CaO(100) are reported.
Since previous investigations have clearly indicated the impor-
tance of adsorption based upon the influence of water, the
inclusion of water will be considered in future studies. The
current study provides insight to the fundamental chemical
reactivity and corresponding mechanisms of calcium oxide,
sulfur, and mercury interactions based upon first-principle
density functional theory (DFT) calculations. There have been
additional theoretical investigations regarding the structure of
calcium oxide using both cluster and periodic approaches in
the literature.?>=3% However, none of these studies have exam-
ined the adsorption of Hg and its species, specifically.

Computational Methodology. The DFT-based geometry
optimization and total energy calculations were obtained using
the plane-wave-based Vienna ab initio Simulation Package! 33
(VASP). It has been suggested that for heavy elements such as
Hg, DFT calculations can be computationally demanding since
both relativistic and correlation effects need to be included for
accurate geometry and energy predictions.3*3¢ Ultrasoft Vander-
bilt pseudopotentials were used to describe the core orbitals?’-38
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TABLE 1: Spectroscopic Parameters for the Hg, Dimer, HgCl, and HgCl,

Hg HgCl HgCl,
DFT exptl DFT exptl DFT exptl
bond length (A) 3.61 3.69¢ 2.45 2.36—2.50pcde 2.286 2.25—2.44bcdeghif
dissoc. energy (eV) —0.05 —0.047¢ —1.18 —1.01 —4.702 —4.68¢
frequencies (cm™!) 21.8 19.74 263.71 292.61¢ 343,393 353, 402.5"

@ Reference 41. ?References 42—45. ¢ References 42—45. ¢ References 42—45. ¢ References 42—45. /Reference 46. ¢ Reference 47.

" References 48—50. / References 48—50. ¥ Reference 51. ! Reference 52.

and electron exchange correlation functionals were calculated
using the Perdew and Wang® approximation which was
described using the generalized-gradient approximation (GGA).
To test the accuracy of the pseudopotentials, bond length (7),
dissociation energy (D) and harmonic vibrational frequency (w.)
of the Hg, dimer, HgCl and HgCl, have been calculated and
compared against experimental data, as illustrated in Table 1.
For these test calculations, a plane-wave expansion with a cutoff
energy of 350 eV was employed for Hg and Cl. The residual
minimization method for relaxation was performed with a single
k-point. From Table 1 it is clear that the vibrational frequency
calculated for the Hg, dimer, HgCl and HgCl, are in reasonable
agreement with experiment with a deviation of approximately
2,30 and 10 wavenumbers, respectively. Predicted bond lengths
and dissociation energies agree well with the experimental data,
with the exception of the dissociation energy of HgCl, which
deviates 0.17 eV from experiment.

DFT can yield reliable predictions for the structure of CaO
provided the cutoff energies and density of k-points within the
Brillouin zone are determined accurately through a convergence
check of the total energy of the slab calculations.”® However,
CaO has a wide band gap (7.1 eV)* and it is well-known that
both the local density approximation (LDA) and generalized-
gradient approximation (GGA) underestimate the band gap of
Ca0>*77 due to the neglect of the strong polarization of the
charge density of the molecule and the strong on-site Coulomb
repulsion between the d electrons.”®> Calcium oxide is a
nonmagnetic insulating oxide that has a strongly correlated
electronic structure. Using a hybrid functional® or by adding a
Hubbard term that defines the strong on-site Coulomb (U) and
exchange interaction (J) parameters®! to the GGA Hamiltonian,
can improve band gap and magnetic moment predictions of
metal oxides.®*~%? Additionally, the GW approximation was used
to calculate the self-energy to account for the Coulomb and
exchange interactions for CaO and predicted a bandgap of 6.64
€V.% Within the current investigation, the band gap of bulk
CaO has been calculated as 3.54 eV with GGA, which is
consistent with other DFT-based studies.”*37~8 Tt has been
reported that GGA provides reasonably accurate lattice constants
and cohesive energies, but underestimates band gaps and
magnetic moments.®! GGA gives similar or slightly higher
binding energies in comparison to GGA+U approach on metal
oxide surfaces, because of its inability to define Coulomb
repulsion.®!:%460 The current investigation is the first of its kind
to examine the adsorption phenomena of coal combustion flue
gas species on CaO using DFT. Future studies will involve these
higher-order methods, but trends and mechanisms of adsorption
can be determined by the present study.

The CaO(100) surface has been modeled using periodic slabs
of CaO with three-dimensional boundary conditions. Each slab
is separated from one another by at least a 10 A-thick vacuum
layer to minimize interactions between the slabs. For all surfaces,
a cutoff energy of 520 eV has been used to calculate binding
energies. In addition, for the relaxation of the structure, a

Gaussian-smearing width of 0.1 eV was used to gain further
accuracy. Geometry relaxation calculations employed the con-
jugate-gradient (CG) algorithm until the forces on the uncon-
strained atoms were less than 0.03 eV/A. To validate the
accuracy of the calculations, binding energies of Hg® and HgCl
have been calculated as a function of slab layers and k-point
mesh size created by a Monkhorst—Pack mesh.* Further details
are provided in the Supporting Information. Although the larger
5 x5 x 1and 7 x 7 x 1 k-point mesh sizes have been
employed for HgCl and Hg® with two-, three-, four- and five-
slab layers, it has been found that two slab layers with smaller
k-point mesh sizes yields reasonable accuracy with binding
energies of Hg? and HgCl changing by less than 0.0035 and
0.0566 eV, respectively. In addition, the CaO surface has been
modeled with two different surface structure configurations, i.e.,
2 x 2 surface cells with a grid size of 3 x 3 x 1 k-points and
24/2 x 24/2 surface cells with a grid size of 2 x 2 x 1 k-points.
Due to the high number of atoms in the 2+/2 x 2+/2 surface
cell, a smaller k-point mesh size has been applied. Adsorption
studies on smaller surface cells such as 1 x 1 and v/2x+/2 have
also been carried out; however, it has been discovered that the
smaller surface cells are not large enough for parallel-lying
binding with larger molecules such as SO,, HgCl, HgCl,, and
HgO. Comparing the bond lengths of the surface atoms, i.e.,
Ca—0 (2.4 A), with the adsorbate molecules O—S—0 (1.47
A), Hg—Cl (2.36—2.50 A), Cl-Hg—Cl (2.25—2.44 A), and
Hg—O (2.04 A), one can conclude that adsorption with large
surface coverage ratios may not be possible, unless the
adsorbates dissociate on the CaO surface. For all of the
calculations, single molecules have been placed on the surface
corresponding to a coverage of ® = 0.25 ML for the 2 x 2
surface cells and ® = 0.125 ML for the 2+/2 x 2+/2 surface
cells. The binding energies (Eping) of the flue gas components
on the CaO surfaces were calculated according to eq 1

Eyina=Eng — [Ex T Egl (1

where AB, A, and B represent adsorbate/substrate, adsorbate,
and substrate systems, respectively.

Results and Discussion

Energies of the CaO structure were calculated using different
lattice constants according to the CaO space group. Ground state
energies were then obtained from plots of the energy versus
lattice constant, by choosing the minimum energy. The lattice
constant of the CaO structure was found to be 4.773 A, which
agrees well with experiments of Mehl et al. (4.81 A).57

Hg’ Binding on CaO(100). The binding mechanism of Hg?
has been investigated using both the small (2 x 2) and large
(2v/2 x 2+4/2) surface cells of CaO. Elemental mercury is
initially placed on different adsorption sites, i.e., bridge, hollow,
top-Os, and top-Ca, on the CaO surface, as shown in Figure 1.
Binding energies and bond lengths between the surface atoms
and Hg® on these adsorption sites have been calculated and are
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Figure 1. Illustration of high-symmetry adsorption sites of CaO(100),
including the bridge site, hollow site, top O site and top Ca site.

TABLE 2: Binding Energies (eV) and Bond Lengths (10&)
between Surface Atoms and Hg on Different Adsorption
Sites of CaO(100)

2 x 2 surface cell

242 x 2+/2 surface cell
Ebind r(Ca—Hg) r(OS—Hg) Ebind r(Ca—Hg) r(Os—Hg)

bridge —0.114 3.384 3.160 —0.122 3.561 3.160
hollow —0.117  3.608 3599 —0.121 3.570 3.527
top Ca —0.095 3.484 4.224  —0.087 3.542 3.785
top Oy —0.122  3.871 3.036 —0.127 3.861 3.045

presented in Table 2. The binding energies change minimally
between 0.087 and 0.127 eV and as the surface coverage is
decreased, the binding energy of Hg? increases slightly due to
a decreased interaction of neighboring Hg atoms on the surface.
However, the effect of surface coverage change is not seen on
the top-Ca sites which may be due to the instability of the top-
Ca sites. Higher binding energies were calculated when the bond
length between surface Ca and Hg? atoms was longer and the
bond length between surface O (O;) and Hg? atoms was shorter.
In addition, as demonstrated in Figure 2 and Table 2, optimized
geometries of Hg® binding on CaO(100) for both 2 x 2 and
272 x 24/2 surface cells indicate that Hg® has a preferred
interaction with the surface oxygen atom. The highest binding
energy of Hg® calculated was 0.127 eV, which constitutes a
weak interaction. The likely binding mechanism of Hg? to CaO
is physisorption. This result is consistent with experiments
reporting that elemental mercury may not be adsorbed by
calcium-based sorbents®? until it is first oxidized. The oxidized
forms of Hg, i.e., HgCl, HgCl,, and HgO were also investigated
in the following sections, in addition to SO binding.

SO; Binding on CaO(100). The binding mechanism of SO,
on CaO(100) has been investigated using both 2 x 2 and 272
x 2+/2 surface cells. Sulfur is initially placed parallel and
perpendicular to the surface atoms on bridge, 4-fold hollow,
top-Oys and top-Ca adsorption sites. Although the adsorbate is
located on different adsorption sites initially, just one stable
geometry is obtained on the surface for each parallel and
perpendicular orientation. Calculated binding energies and bond
lengths of SO, on the most stable location are illustrated in Table
3 and within the Supporting Information. It has been determined
that SO, prefers a parallel orientation to the surface with a high
binding energy showing a likely chemisorption mechanism. As
demonstrated in Figure 3, when SO, is parallel to the surface,
sulfur interacts with the O, atom while the oxygen atoms of
SO, stay closer to the Ca atoms. It can be concluded that sulfur
does not prefer to be located at top-sites of Ca atoms and the
position of SO, changes when sulfur is initially located at top-
Ca sites. Additionally, when SO, adsorbs parallel to the surface,
the top Oy sites are preferred, exhibited by a decrease in the
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bond angle formed between S and O, e.g., from 120° to 111°.
For perpendicular orientations, SO, binds to the CaO surface
as shown in Figure 4. However, this interaction is very weak
compared to the parallel orientation and adsorption via this
pathway is likely not preferred. As the surface coverage
decreases to 0.125 ML of SO,, the binding energy of SO,
increases by approximately 0.3 eV in the parallel orientation
and changes only slightly in the perpendicular orientation. The
reason for the increase of the parallel orientation is due to a
decreased repulsive interaction between adsorbate molecules.
The adsorbed atoms will affect the orbitals of neighboring
surface atoms making them less reactive for a second atom.
Examination of these strong binding energies indicates chemi-
sorption behavior, which suggests that a reaction might occur
between SO, and CaO. The current results agree with the
theoretical results of Pacchioni et al.’* who studied the adsorp-
tion of SO, on CaO(100) surfaces using [OCas]®" clusters
embedded within an array of point charges. They reported that
the orientation of adsorbed SO, was parallel to the surface where
the sulfur atom remains perpendicular to the O?~ anion and
conclude that SO, formed stable surface sulfites on CaO(100)
with a dissociation energy of more than 1 eV.

HgCl Binding on Ca0O(100). Binding energies of HgCl on
CaO(100) were calculated in a similar manner to those of SO,
and Hg®, with the bond distances of the most stable geometries
listed in Table 3 and within the Supporting Information. It has
been observed that binding energies of HgCl on unique
adsorption sites are similar to one another. The molecule HgCl
moves to different stable positions leaving the initially located
adsorption sites for both parallel and perpendicular orientations
on CaO(100). As demonstrated in Figure 3, the parallel
orientation of the Hg atom is at the top Oy site while the Cl
atom stays closer to Ca with a bond distance of 2.60 A with
Hg. This bond distance is slightly higher than its experimental
gas-phase value (2.36—2.50 A), showing the possible bond
stretch of HgCl on the CaO surface. In Figure 4, the optimized
geometry for the perpendicular orientation of HgCl is illustrated.
It has been found that Hg is bound to the CI atom with a weak
interaction and not bound to the surface, while Cl on the other
hand, interacts with both Ca and Oy and remains closer to the
surface. It has been observed that the bond length between Cl
and O is closer than the Cl—Ca bond length, which indicates
a preferred Cl—O interaction over that of Cl—Ca. Another
possible configuration for the perpendicular adsorption of HgCl
on the CaO(100) surface is with the Hg atom located closer to
the surface. However, this scenario results in a weak interaction
with a binding energy of approximately —0.1 eV for all possible
adsorption sites. Calculated binding energies on different surface
cells showed that a perpendicular orientation of HgCl is
favorable compared to the parallel adsorption of HgCl at high
surface coverage; however, the exact opposite trend is observed
at low surface coverage. Again, it is hypothesized that this is
due to a decreased interaction between HgCl molecules on the
CaO surface. A potential energy diagram of HgCl adsorption
and potential desorption on CaO(100) at coverages of 0.25 ML
has been calculated, as shown in Figure 5. Free energies of
adsorbed molecules HgCl, Hg and Cl have been normalized
to the sum of free energies of the CaO(100) surface and HgClI(g).
The stable states are connected with dotted lines, but the
transition states connecting these stable species have not been
calculated. Figure 5 illustrates that in both parallel and
perpendicular orientations, the adsorption of HgCl is more likely
to happen in comparison to two possible HgCl dissociation
scenarios, i.e., Hg adsorbs on the surface and Cl desorbs or Cl
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Figure 2. Models for Hg adsorption on top O of CaO(100) surface (a) CaO(100) (2 x 2)-Hg-0.25 (b) CaO(100) V2 x 2V 2)R45°-Hg-0.125

(Atoms are represented as Ca, green; O, blue; Hg, gray).

TABLE 3: Binding Energies and Adsorption Sites of SO,
HgCl, HgCl,, and HgO Molecules for Parallel and
Perpendicular Orientations on 2 x 2 and 2v/2 x 2+/2
Surface Cell of CaO(100)

2 x 2 surface cell

24/2 x 2+4/2 surface cell

parallel  perpendicular parallel perpendicular

SO, —1474  —0.288 —1.75 —0.28
) top O — top O -

-0 bridge bridge bridge bridge
HgCl —0.879  —0.905 —1.04 —0.924
—Hg top Os - top O -

—Cl top Ca top O top Ca top O
HegCl, —0.793  —0.326 —0.932 —0.33
—Hg top Os - top O -

—Cl top Ca top O top Ca top O
HgO —1.38 —2.757 —1.531 —2.763
—Hg top Os - top Os -

-0 top Ca top O top Ca top O

adsorbs on surface and Hg desorbs. Since the first scenario is
highly endothermic (1.09 eV), it will not occur during the
adsorption of HgCI; however, the second scenario is exothermic
(—0.75 eV) with a likelihood of occurring. In comparison to
the adsorption of HgCl for both parallel and perpendicular
orientations, the adsorption of Cl and desorption of Hg is 0.13
and 0.16 eV more endothermic than these orientations, respec-
tively. This small energy difference indicates that the surface
interaction with ClI causes a decrease in the interaction between
Cl and Hg leading to the stretch of the HgCl bond and possible
desorption of Hg, where as Cl is strongly bound to Oy sites on
the surface. It can be concluded that the high binding energy
of HgCl is representative of chemisorption behavior between
HgCl and the CaO(100) surface at 0.25 ML coverage; however,
these energies might also represent desorption of Hg and the
interaction of CI atoms with CaO(100). A low surface coverage
ratio is necessary for HgCl adsorption to take place on CaO
surfaces.

HgCl, Binding on CaO(100). The binding energies and bond
distances of the most stable geometries of HgCl, calculated on
2 x 2 and 2+/2 x 2+/2 surface cells are shown in Table 3 and
in the Supporting Information. For the parallel cases, optimized
geometries of HgCl, remain almost parallel to the surface. The

molecule HgCl; is linear; however, the angle between Hg and
CI decreases to 160° and the bond length between Hg and Cl
increases with surface interactions. As seen in Figure 3, Hg
migrates to the top-Os site, while the two Cl atoms are stable at
the top-Ca sites. This observation indicates that both sites play
a role in the adsorption of HgCl,. An experimental study
conducted by Gullet et al.? is in agreement with this conclusion,
and reports that HgCl, can be captured in parallel on CaO with
the attraction of both the acidic (Ca2™) and basic (O%") sites.
On the other hand for perpendicular cases, as shown in Figure
4, HgCl, maintains its linearity and experimental bond length
on the surface. The molecule HgCl, is bound with the CI atom
interacting with the top-Os site, having a bond angle of 80° with
the surface. The comparison of binding energies of both parallel
and perpendicular cases demonstrates that perpendicular adsorp-
tion of HgCl, is not stable on the CaO(100) surface. Decreasing
the surface coverage causes a 0.14 eV increase in the binding
energy of HgCl, in the parallel orientation, and only a slight
change in the perpendicular orientation. It has been determined
that a decreased interaction between HgCl, molecules at low
surface coverage has no effect on the binding energy of HgCl,
in the perpendicular orientation. Also, it is important to
recognize that SO, and HgCl, both have a preference to bind
at the top-Os sites. Therefore, it is possible for these species to
compete for adsorption sites, and a comparison of the binding
energies of HgCl, and SO, indicate that the parallel sulfur
binding is stronger.

HgO Binding on CaO(100). The binding energies and bond
distances of the most stable geometries of HgO calculated on 2
x 2 and 2+/2 x 2+/2 surface cells are shown in Table 3 and in
the Supporting Information. The binding mechanisms of HgO
and HgCl on CaO(100) show similar behavior. The bond length
of HgO increases as HgO approaches the CaO surface in the
perpendicular orientation, which is shown in Figure 4. The Hg
atom stays away from the surface with a bond distance of
approximately 4 A. This behavior is not observed for the parallel
orientation case. Since the 4-fold hollow and top-Oj sites are
favorable adsorption sites for Hg?, it has been thought that O
and Hg might compete for these sites. If O approaches the top-
O it repulses Hg; however, if Hg approaches the top-O; sites,
Hg and O maintain their interaction. In addition, they are bound
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Figure 3. Most stable optimized geometries of SO,, HgCl, HgCl,, and HgO on CaO(100) surface, where molecules are parallel to the surface (a)
top view (b) side view. (Atoms are represented as Ca, green; O, blue; S, yellow; Hg, gray; Cl, red).

Figure 4. Most stable optimized geometries of SO,, HgCl, HgCl,, and HgO on CaO(100) surface, where molecules are perpendicular to the
surface (a) top view (b) side view. (Atoms are represented as Ca, green; O, blue; S, yellow; Hg, gray; Cl, red).

to Ca and Oy atoms, respectively and the bond length of HgO
is not affected by the surface interactions. All of these
observations represent the nondissociative adsorption of HgO
on CaO(100). However, the binding energies in Table 3, indicate
that the O—Os interaction in the perpendicular orientation is

approximately two times higher than the Hg—Oy interaction in
the parallel orientation; therefore, the dissociation of HgO with
the binding of O on the CaO(100) surface is likely the dominant
interaction pathway, rather than the combined interaction of HgO
on the surface. Another possibility of perpendicular adsorption
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Figure 5. Potential energy diagram for different pathways of HgCl
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Figure 6. Potential energy diagram for different pathways of HgO on
CaO(100). Energies are relative to the sum of the energies of bare CaO
and HgO(g).

of HgO on CaO(100), where Hg atoms are closer to the surface
has also been carried out, but a very weak interaction has been
observed with the surface and Hg. Decreasing the surface
coverage ratio results in a 0.2 and 0.006 eV increase in the
binding energies of HgO in the parallel and perpendicular
orientations, respectively. It has been noted that although more
active sites exist for the adsorption of HgO at low surface
coverage, the dissociation of HgO is still more favorable than
the combined interaction of HgO with the surface. Additional
calculations have been carried out to investigate the dissociation
of HgO and desorption of Hg from the surface at 0.25 ML
coverage. Figure 6 illustrates the potential energy diagram of
HgO on the CaO(100) surface prepared with the same meth-
odology explained in above section. The energy of HgO
adsorbed in the perpendicular orientation is only 0.09 eV lower
than that of the single O atom adsorbed with Hg desorbed from
CaO surface. This small difference shows that the simultaneous
binding of Hg and O atoms to the surface may not be stable.
Additionally, the adsorption of Hg and desorption of O from
the CaO surface are highly endothermic and is likely not to
occur on the CaO(100) surface.

Conclusions

The binding mechanisms of SO, and Hg species have been
investigated on CaO(100) surfaces with both parallel and
perpendicular orientations to the surface considered. Binding
energies of these species are calculated for different adsorption
sites and the most favorable adsorption sites have been found.
It can be concluded that SO, is strongly adsorbed by the
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CaO(100) surface and that chemisorption is likely the adsorption
mechanism. The oxidized form of mercury, HgCl is adsorbed
on the CaO(100) surface at low coverage; however, free energy
calculations indicate that HgO may not be stable on the surface,
resulting in the desorption of elemental mercury. The other
oxidized form of mercury, HgCl,, forms a more stable complex
on the surface and interacts with the acidic and basic sites of
CaO(100). Although its binding is not as strong as that of HgCl,
a comparison of binding energies indicates that this compound
might remain on the surface with the two adsorption sites
reinforcing its stability. Elemental mercury binds weakly to the
CaO(100) surface indicating a physisorption mechanism. It is
important to note that some of the binding energies predicted
in this work may be upper estimates due to the inability of the
GGA to account for the on-site Coulomb repulsion between
the d electrons.
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