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Understanding the mechanism by which mercury adsorbs on activated carbon is crucial to
the design and fabrication of effective capture technologies. In this study, the possible
binding mechanism of mercury (Hg) and its species, i.e., HgCl and HgCl, on activated car-
bon is investigated using ab initio-based energetic calculations. The activated carbon sur-
face is modeled by a single graphene layer in which the edge atoms on the upper side
are unsaturated in order to simulate the active sites. In some cases, chlorine atoms are
placed at the edge sites to examine the effect of chlorine on the binding of Hg, HgCl and
HgCl,. It has been concluded that both HgCl and HgCl, can be adsorbed dissociatively or
non-dissociatively. In the case of dissociative adsorption, it is energetically favorable for
atomic Hg to desorb and energetically favorable for it to remain on the surface in the
Hg'* state, HgCl. The Hg?* oxidized compound, HgCl, was not found to be stable on the sur-

face. The most probable mercury species on the surface was found to be HgCl.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Coal-fired power plants in the United States, with the capacity
of just over 300 GW, are the greatest anthropogenic source of
mercury emissions [1]. Mercury is a toxic metal that accumu-
lates in the food chain and is considered a hazardous air pol-
lutant (HAP) by The Clean Air Act (CAA) of 1990.' Mercury has
severe health effects and may cause central nervous system
damage, pulmonary and renal failure, severe respiratory
damage, blindness and chromosome damage [2,3]. The Uni-
ted States Environmental Protection Agency (USEPA) promul-
gated the Clean Air Mercury Rule (CAMR) in 2005 to
permanently reduce the mercury emissions from coal-fired
power plants [4]. Although this rule was vacated by the Courts
in February 2008, currently 14 states still have mercury emis-
sions controls in place for coal-fired power plants [5].
Various methods are applied for capturing different forms
of mercury, ie., elemental (Hg), oxidized and particulate-
bound. Particulate-bound can be removed through electro-

* Corresponding author: Fax: +1 650 725 2099.
E-mail address: wilcoxj@stanford.edu (J. Wilcox).

static precipitators and fabric filters while oxidized mercury
can be captured by flue gas desulfurization scrubbing units.
Activated carbon, when injected into the gas stream of coal-
fired boilers, is effective in capturing mercury through
adsorption processes [1]. A detailed literature survey of Hg re-
moval by activated carbon injection is given elsewhere [6].
Experimental studies have been previously carried out to
understand the mechanism of mercury binding on activated
carbon surfaces [7-10] and it has been made clear that the
reaction mechanisms involved in mercury capture are very
complex [7,10]. Hutson et al. [10] reported the factors that play
a role in determining the rate and mechanism of mercury
binding, to be gas-phase speciation of mercury, presence of
other potentially competing flue gas components, flue gas
temperature, and the presence and type of active binding
sites on the sorbent. They have used X-ray Absorption Spec-
troscopy (XAS) and X-ray Photoelectron Spectroscopy (XPS)
to characterize mercury binding on various types of activated
carbon. Mercury was found to be bound on carbon at the

1 [Cited 2009 March 7]; Available from <http://www.epa.gov/air/caa/>.

2 [cited 2009 March 7]; Available from <http://www.epa.gov/camr/>.
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chlorinated or brominated sites. No elemental mercury was
observed on the activated carbon surface. Considering the
fact that there is no homogeneous mercury oxidation occur-
ring in their system, there must be heterogeneous oxidation
with subsequent binding on the surface. In another X-ray
Absorption Fine Structure (XAFS) study, Huggins and co-
workers [8] also observed that there is little or no elemental
mercury present in the sorbent materials and concluded that
physisorption is not involved in adsorption of mercury at the
low temperature conditions of their experiments. From these
results, they infer that an oxidation process, either in the gas-
phase or simultaneously as the mercury atom interacts with
the sorbent, is involved in the capture of elemental mercury.
In the case of chemically treated sorbents, mercury sorption
is predicted to occur entirely by chemisorption. Furthermore,
XANES (X-ray Absorption Near-Edge Structure) spectra indi-
cates the formation of Hg-I, Hg-Cl, Hg-S and Hg-O. According
to Laumb et al [9], Cl and S are two of the most important ele-
ments when dealing with mercury capture on activated
carbon.

Huggins et al. [7] have studied the sorption of Hg and HgCl,
by three activated carbons using XAFS spectroscopy and
found that a different mechanism is responsible for the mer-
cury sorption by each different type of activated carbon. Acti-
vated carbons used in their experiments were a lignite-
derived activated carbon (LAC), an iodine-activated carbon
(IAC), and a sulfur-activated carbon (SAC). When the carbons
were exposed to the flue gas containing elemental mercury,
Hg-S or Hg-Cl bonding was observed in SAC and LAC carbons
and Hg-I bonding in the IAC carbon. Exposing LAC to the flue
gas containing HgCl, revealed that mercury chloride is the
most likely sorbed mercury species. In the case of IAC, Hg-I
was observed on the carbon. According to the authors, HgCl,
must have decomposed to an Hg species in the gas-phase or
reacted at the active site, releasing Cl, to form the Hg-I com-
plex. These results indicate that the speciation of the sorbed
mercury is controlled by the site-activating agent on the car-
bon surface.

Although many experimental studies have been per-
formed to investigate mercury adsorption on activated car-
bon, there are a limited number of theoretical studies on
this subject. Steckel [11] has investigated the interactions be-
tween elemental mercury and a single benzene ring, which is
quite limited in its potential for representing an accurate car-
bon surface. However, this study is the first to begin the inves-
tigations required for elucidating the mechanism by which
elemental mercury binds to carbon. In a previous study [6],
authors have conducted an ab initio-based investigation
involving the adsorption of elemental mercury on halogen-
embedded activated carbon. The effects of activated carbon’s
different surface functional groups and halogens on elemen-
tal mercury adsorption have been examined and the addition
of halogen atoms has been found to increase activated car-
bon’s mercury adsorption capacity.

Nonetheless, the mechanism by which mercury adsorbs
on activated carbon is not exactly known and its understand-
ing is crucial to the design and fabrication of effective capture
technologies for mercury. The objective of the current study is
to apply theoretical-based cluster modeling to examine the
possible binding mechanism of mercury on activated carbon.

2. Computational methodology

Binding mechanisms of Hg, HgCl and HgCl, on simulated acti-
vated carbon surfaces and the effects of adsorbed Cl were
investigated by following a thermodynamic approach. Ener-
gies of different possible surface complexes and possible
products are compared and dominant pathways are deter-
mined relatively.

The Gaussian03 software package [12] was used for all of
the energy calculations in this work. Density Functional The-
ory (DFT) was employed due to its balanced computational
efficiency and accuracy. B3LYP is known to produce fairly
accurate bond energies and thermodynamic properties of
reactions [13,14]. Also, it has small spin contamination com-
pared to other methods such as Hartree-Fock (HF) [15]. Mon-
toya et al. [15] have illustrated that spin contamination in the
unrestricted B3LYP is reasonably small and has acceptable
minor effects on the energetic properties of graphene layers.
They have also shown that the differences in both adsorption
geometry and binding energy between the unrestricted and
restricted open-shell wave function are small. The B3LYP
method has been employed in many studies [13-20], in which
a carbonaceous surface is simulated, along with the 6-31G(d)
basis set and has been shown to provide accurate energetic
properties of carbon-oxygen complexes [13,14,16]. According
to Radovic and Bockrath [19], this level of theory is a reason-
able compromise that minimizes spin contamination, in-
cludes configurational interaction, and accomplishes the
calculations at acceptable computational expense.

In this study, considering that mercury has eighty elec-
trons, to account for relativistic effects a basis set with the in-
ner electrons substituted by an effective-core potential (ECP)
was chosen. Beck’s three-parameter functional with a Lee-
Yang-Parr gradient-corrected correlation functional (B3LYP)
with LANL2DZ basis set which uses an all-electron descrip-
tion for the first-row elements and an ECP for inner electrons
and double-{ quality valence functions for the heavier ele-
ments was used for the energy predictions [21-23].

Each structure is optimized through the investigation of
stable energies at different multiplicities and the ground state
is determined by the lowest energy complex among the differ-
ent electronic states.

3. Results and discussion
3.1.  Modeling the activated carbon surface

The activated carbon surface is modeled by a single graphene
layer in which the edge atoms on the upper side are unsatu-
rated in order to simulate the active sites. This model has
been used in several studies of different applications to sim-
ulate carbonaceous surfaces [13-18,24]. Chen and Yang [25]
have compared six graphite models with increasing sizes
using the HF method and found the model CysHy to be the
most suitable model to simulate the graphite structure, yield-
ing structural parameters close to the experimental data. On
the other hand, Montoya et al. [13] decreased the molecular
system and used CygHg as their model, employing the B3LYP
method. The conclusion was that even at this size, the struc-
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tural parameters for the carbon-nitrogen models were in
agreement with the experimental data. Both Chen et al. [25]
and Montoya et al. [14] have shown that the reactivity of the
carbon model does not depend strongly on the molecular size.
The reactivity of the active sites, which are the unsaturated
carbon atoms at the edge of the graphene layers, depends
mainly on its local shape rather than on the size of the graph-
ene cluster [14].

Also, analysis of a single graphene layer is a convenient
and reasonable starting point when studying the reactivity
of carbon surfaces [18]. In an early ab initio study, comparison
of two and three dimensional models for the graphite lattice
predicted a weak interaction between atoms in adjacent
stacking planes, leading to the conclusion that treating graph-
ite as a two dimensional solid is a reasonable approximation
[26]. Yang and Yang [20] have conducted an ab initio molecular
orbital study on the adsorption of atomic hydrogen on graph-
ite and concluded that the strength of chemisorption is high-
er on the edge planes than the basal planes, following the
order: zigzag edge > armchair edge >basal-plane. Another
study on the adsorption of oxygen on boron-substituted
graphite has yielded that zigzag sites are more reactive than
armchair sites, due to the existence of unpaired electrons
on zigzag edges, while no such electrons are found on arm-
chair edges [27]. Armchair sites are of the carbyne type, while
zigzag sites are of the carbene type and they posses two non-
bonding electrons [19]. Radovic and Bockrath [19] have stud-
ied the chemical nature of the graphene edges and stated
that “complete saturation with H or other heteroatoms is
unrealistic and not all graphene edge sites are saturated with
H.” There has also been experimental evidence on the exis-
tence of partially-stabilized radical sites at graphene edges
[28]. Although O, chemisorption is known to occur readily at
room temperature, it has been shown that oxygen-free car-
bon edge sites can still exist after exposure to air [19,28]. In
addition to these, the existence of the carbene sites has been
supported by another study, where it was proposed that zig-
zag Lewis basic carbene reacts with oxidized Hg species [29].

Based on the previous studies, it is a reasonable approxi-
mation to use a graphene model where the zigzag edges are
unsaturated to simulate the active sites. The optimized geom-
etry of the graphene model (G) is shown in Fig. 1 with the opti-
mized parameters given in Table 1. Bond distances and angles
of the optimized structure are in good agreement with the
experimental values of graphite [30].

Another model includes a chlorine atom placed at the
edge site to determine the effect of chlorine on the binding
of mercury and its species. XPS studies conducted to examine

] 9 9 =

Fig. 1 - Optimized geometry of graphene (G).

Table 1 - Optimized parameters of graphene model (bond
lengths in A and angles in degrees) av: average.

Parameter (av) Model Exp [29]
c-C 1.42 1.42
C-H 1.09 1.07
£C-C-C 120 120
/C-C-H 119.7 120.0

chlorinated-activated carbons showed that chlorine was
localized at the edges of graphene layers [31]. Based on this,
the optimization of the chlorine atom at different sites of
the graphene model yielded the structures G-Cl(1) and G-
Cl(2) as shown in Fig. 2. Other models shown in Fig. 2, which
consist of two Cl atoms on the surface, were also employed.

The binding of Hg, HgCl and HgCl, at different sites of
graphene and graphene—Cl models described above is studied
and a possible binding mechanism is suggested. Binding
energies of mercury species on simulated activated carbon
were calculated using Eq. (1),

Binding energy = E(AC-Hg) — [E(Hg) + E(AC)] (1)

In addition, bond populations are calculated by performing
a Mulliken population analysis. Mulliken population is used
for charge determination and as a measure of bond strength.
Although absolute values of populations have little physical
meaning, their relative values can be useful. For example, po-
sitive and negative values of bond population mean that the
atoms are bonded or antibonded, respectively. A large positive
value indicates that the bond is largely covalent, whereas
there is no interaction between the two atoms if the bond
population is close to zero [27].

Bond populations for the graphene (G) and graphene-Cl
models are given in Table 2. The populations for only the
bonds of interest are reported here.

When Cl is adsorbed on the surface, the C(8)-C(9) bond is
elongated. The bond length increases from 1.401 to 1.415
and the bond population decreases from 0.302 to 0.038. The
decrease in the bond population shows that a portion of the
bonding electrons were transferred to the adsorbed Cl atom,
thus weakening the bond. Similarly, the C(4)-C(8) bond is also
weakened. The bond length increases from 1.388 to 1.401 and
the bond population decrease from 0.393 to 0.175.

3.2.  Binding of Hg on graphene

The interaction of Hg with different sites of graphene was
examined. Different locations of Hg on the graphene model
(G) are shown as “a”, “b” and “c” in Fig. 3. Both “b” and “c”
yielded the same surface complex shown as BC whereas “a”
yielded the complex A. The binding energies of Hg with A
and BC are found to be 14.28 kcal/mol and 14.84 kcal/mol,
respectively, indicating that the stabilities of these structures
are very similar.

The bond populations of Hg on the graphene model are gi-
ven in Table 2. For the structure BC, the C(8)-C(9) and C(9)-
C(15) bonds are weakened by the adsorption of Hg, with their
bonding populations decreasing from 0.30 to 0.11. Comparing
the bond populations of the Hg atom with the near C atoms, it
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Fig. 2 - Graphene models with chlorine.

Table 2 - Bonding Mulliken population analysis for

graphene, graphene-Cl and Hg on graphene (only bonds
of interest are reported).

Graphene Graphene-Cl Hg on graphene
G G-Cl (1) BC A
C(6)-C(5) 0.486 0.516 0.489 0.497
C(5)-C(4) 0.342 0.332 0.336 0.332
C(4)-C(8) 0.393 0.175 0.458 0.408
C(8)-C(9) 0.302 0.038 0.107 0.308
C(9)-C(15) 0.302 0.313 0.108 0.374
C(15)-C(14) 0.393 0.450 0.458 0.187
C(14)-C(20) 0.342 0.339 0.338 0.208
C(20)-C(21) 0.486 0.490 0.490 0.484
Cl-G(8) 0.416
Hg-C(8) 0.251
Hg-C(9) —0.184
Hg-C(15) 0.251 0.252
Hg-C(14) —0.183
Hg-C(20) 0.258
a b
Hg Hg

Hg 9
9
9°

9

9
A

becomes clear that Hg is interacting with the two carbon
atoms C(8) and C(15), and there is no significant interaction
with C(9). Similarly, for the structure A, Hg is interacting with
the two carbon atoms C(15) and C(20).

3.2.1. Binding of Hg on graphene-Cl
The G-CI model is also employed to illustrate the effects of
adsorbed chlorine on the surface. Different locations of Hg are
shown in Fig. 4 with the possible surface intermediates D, E, F
and GH. Bonding populations of these structures are given in
Table 3. Both g and h converged to the same minimum energy
yielding the intermediate GH. In this case, the binding energy
of Hg is 14.36 kcal/mol, which is similar to the value of Hg on
graphene. The intermediate F is possibly a result of a surface
reaction between Hg and Cl yielding HgCl on the surface.
From these four surface intermediates possible final struc-
tures can be suggested as a result of desorption. One possibil-
ity is that Hg can be desorbed and Cl remains on the surface
or vice versa. Another possibility is that HgCl desorbs from

Fig. 3 - Binding of Hg at different sites of graphene (G).
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Fig. 4 - Binding of Hg at different sites of G-Cl model.

intermediate F. The possible pathways including reactants,
intermediates and products are shown in the energy diagram
given in Fig. 5. All energy values are given relative to the
reactants.

From examining the energy diagram, it seems that the sta-
bility of the intermediates are in the order of GH>D >F > E.
The most likely structure is complex GH, since its path is
more exothermic than that of the others. It appears from
the energy diagram that complex E is not as likely to form.
Although the formation of F is not as exothermic as D and
GH, there is likelihood that F can be formed as well. It is clear
from Fig. 5 that desorption from these surface complexes is
endothermic and not likely to occur without adding energy
to the system. The desorption pathways of Cl and HgCl from
the GH complex are highly endothermic, but there is a possi-
bility that it may go back to the reactants with the desorption
of Hg. Pathways of Cl desorption from D are shown in the en-
ergy diagram; however, it is more probable that these inter-
mediates will go back to the reactants or remain as

stabilized intermediates. Careful examination of complex F
indicates that once HgCl is on the surface it does not desorb
easily. This can also be concluded from the population analy-
sis. The bond population of Hg-C in F is higher compared to
the Hg-C population in the other structures, indicating that
HgCl is strongly bound to the surface. Although the binding
energy for the structure F is lower compared to GH, the inter-
action between Hg and C is stronger in F. A similar phenom-
ena has been observed by Nilsson and Pettersson [32],
where they have concluded that “a small adsorption energy
cannot by itself be used to conclude a weak interaction”. They
have shown that there can still be surprisingly large and
important chemical bonding interactions with the surface
that are beyond a physical adsorption picture.

3.3.  Binding of HgCl on graphene

In the same manner, the interaction of HgCl with different
sites of graphene was examined allowing HgCl to approach

Table 3 - Bonding Mulliken population analysis for Hg on graphene-Cl and HgCl on graphene (only bonds of interest are

reported).

Hg on graphene—Cl

HgCl on graphene

D E F GH 1A 1B 1C 1D 2AB 2G 2D 3C
C(6)-C(5) 0.392 0.517 0.498 0.525 0.392 0.432 0.388 0.418 0.490 0.503 0.515 0.437
G(5)-C(4) 0.297 0.331 0.334 0.325 0.298 0.062 0.197 0.081 0.217 0.300 0.332 0.380
C4)-C(8) 0.128 0.175 0.430 0.227 0.128 0.337 0.363 0.413 0.247 0.263 0.172 0.338
C(®8)-C(9) 0.111 0.034 0.250 0.023 0.111 0.253 0.350 0.374 0.377 0.161 0.034 0.209
C(9)-C(15) 0.289 0.311 0.164 0.376 0.289 0.284 0.298 0.298 0.023 0.249 0.310 0.209
C(15)-C(14 0.470 0.451 0.261 0.247 0.470 0.418 0.417 0.407 0.227 0.430 0.449 0.338
C(14)-C(20 0.334 0.339 0.300 0.217 0.334 0.327 0.341 0.340 0.325 0.335 0.340 0.380
G(20)-G(21) 0.496 0.492 0.503 0.489 0.496 0.498 0.494 0.494 0.525 0.498 0.490 0.437
a-c' 0.367 0.403 0.388 0.367 0.309 0.333 0.388 0.406
Hg-Cl 0.005 0.006 0.265 0.008 0.006 0.005 0.259 0.007 0.008 0.265 0.006 0.252
Hg-G(5) 0.154 0.153 0.389 0.255
Hg-G(15) 0.368 0.255 0.223
Hg-G(8) 0.163 0.255 0.369 0.223
Hg-G(20) 0.255

* Nearest carbon.
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graphene from different directions. Unique locations and ori-
entations of HgCl on the graphene model (G) are shown in
Fig. 6 with the possible surface intermediates 1A, 1B, 1C, 1D,
2AB, 2C, 2D and 3C. Depending on the orientation of HgCl, it
may or may not be adsorbed dissociatively.

These surface intermediates and possible final structures
are shown in the energy diagram of Fig. 7, with the energies
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Fig. 7 - Energy diagram for different pathways of HgCl on G.

relative to the reactants. Bonding populations of these struc-
tures are given in Table 3.

Similar surface complexes are obtained to those with Hg
on G-Cl, but with higher binding energies. For example, the
complex GH with a binding energy of 14.36 kcal/mol is opti-
mized with Hg on the G-Cl surface. The same complex is also
obtained through the optimization of HgCl on the G surface

(3¢)

Fig. 6 - Binding of HgCl at different sites of G.
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with two different orientations, i.e., 2a and 2b, yielding the
complex 2AB with a binding energy of 69.70 kcal/mol.

face with different orientations, shown in Fig. 8, yielded the
surface intermediates, 1A2C’, 1C’, 2A’, 1B2B/, 2D'.

The stability of the surface complexes are in the order of
2AB > 1B > 2C > 2D > 3C, which implies that HgCl is likely to
adsorb dissociatively. However, it is clear from the energy dia-
gram that Hg can desorb from the surface. On the other hand,
the desorption of HgCl is highly endothermic which shows
that once it is adsorbed it remains on the surface. As was ex-
plained in the previous section, the bonding population anal-
ysis indicates that HgCl is strongly bound to the surface.

3.3.1. Binding of HgCl on graphene—Cl
The interaction between HgCl and the graphene-Cl model
was also investigated. Having HgCl approaching the G-Cl sur-

Two different orientations of HgCl, i.e., 1a and 2c, yielded
the same surface complex, 1A2C’, which is the most stable
structure, with a binding energy of 55.00 kcal/mol. Similar to
HgCl on the graphene model, when the G-Cl model is used
HgCl may or may not adsorb dissociatively. A similar trend
to the adsorption on graphene is observed, such that Hg
can be desorbed in the case of dissociative adsorption,
while HgCl remains on the surface. Although 2A’ has simi-
lar exothermicity to 1A2C’ and 1B2B’, it appears from the
bond populations of Hg-C (provided in Table 4) that HgCl
in 1A2C’ and 1B2B’ is more strongly bound on the surface
than Hg in 2A’.

Table 4 - Bonding Mulliken population analysis for HgCl on graphene-Cl and HgCl, on graphene (only bonds of interest are

reported).

HgCl on graphene—Cl HgCl, on graphene

1A2C' 1c’ 27 1B2B’ 2D’ 14" 1B” 2A" 2B" 3B4B”
C(6)-C(5) 0.531 0.481 0.525 0.520 0.526 0.425 0.365 0.428 0.480 0.524
C(5)-C(4) 0.328 0.348 0.330 0.325 0.333 0.076 0.089 0.086 0.348 0.356
C(4)-C(8) 0.250 0.402 0.219 0.195 0.186 0.365 0.344 0.445 0.399 0.446
C(8)-C(9) ~0.042 0.310 0.263 0.000 0.032 0.299 0.294 0.188 0.313 0.309
G(9)-C(15) 0.172 0.317 0.298 0.356 0.035 0.026 0.218 0.186 0.316 0.071
C(15)-C(14) 0.251 0.390 0.367 0.430 0.185 0.216 0.334 0.445 0.388 0.200
G(14)-C(20) 0.293 0.340 0.075 0.186 0.333 0.330 0.379 0.085 0.340 0.314
C(20)-C(21) 0.496 0.488 0.426 0.385 0.527 0.522 0.436 0.428 0.487 0,516
cl(1)-¢" 0.373 —0.002 0.379 0.420 0.430 0.314 0.348 0.324 0.0001 0.357
cl2)-c’ 0315 0.417 0.380 0.324
Hg-Cl(2) 0.266 0.248 0.002 0.261 0.006 0.001 0.254 0.010 0.250 0.045
Hg-Cl(1) 0.018 0.237 0.001 0.004 0.001 0.002 0.007 0.010 0.240 —0.005
Hg-G(15) 0.371 0.148 0.218 0.252
Hg-C(8) 0.149 0.213 0.252
Hg-G(20) 0.390

* Nearest carbon.
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HgCl on graphene-Cl

HgCl, on graphene
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Fig. 9 - Energy diagram for different pathways of HgCl on G-
ClL

Additionally, HgCl can react with a Cl atom on the surface
to form HgCl,. From the energy diagram pictured in Fig. 9, the
latter pathway is not very likely, since it is endothermic. Even
if HgCl, is formed on the surface it is not stable, and can easily
desorb or return to the reactants. From the bond populations
in Table 4, it appears that there is no interaction between the

HgCl, molecules with the surface, because population of Cl-C
is close the zero.

3.4. Binding of HgCl, on graphene

The optimization of HgCl, with different orientations on the
grapheme model yielded the surface intermediates, 1A”, 1B’,
2A", 2B” and 3B4B” as shown in Fig. 10. Similar surface
complexes are obtained to those with HgCl on G-Cl, but with
higher binding energies.
Close examination of the energy diagram provided in
Fig. 11, indicates that complexes 2A” and 1A” are the most

al

He ()

cl

Cl-Hg—C1 (l&)

Reaction Coordinate

Fig. 11 - Energy diagram for different pathways of HgCl, on
G.

likely structures to form. However, it is possible that Hg can
desorb. Especially in the case of 1A”, the interaction of Hg
and C is weak and Hg has no significant interaction with Cl
atoms, based on the bond populations given in Table 4. In
addition to this, it is clear from the energy diagram that the
desorption of Hg from 1A” is exothermic and is likely to occur.
Another possibility is that HgCl, can form the surface
intermediate 2B” with a very small binding energy of
0.25 kcal/mol and almost zero bond population of CI-C,
implying that HgCl, is not stable on the surface and this sur-
face intermediate can return to the reactants easily with the
desorption of HgCl,. Rather, it is likely that HgCl, dissociates
and adsorbs as HgCl as in 1B”. Experiments conducted at
EERC [7] have revealed that HgCl, decomposes at the active
sites of carbon. XAFS experiments have showed that, under
gas-phase HgCl,, the most likely sorbed mercury species is

HgCl, which agrees with the predictions of the current
simulations.
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Fig. 10 - Binding of HgCl, at different sites of G
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4, Conclusions

A thermodynamic approach is followed to examine the bind-
ing mechanism of mercury and oxidized mercury species
such as HgCl and HgCl, on a simulated carbon surface with
and without Cl. Energies of different possible surface com-
plexes and possible products are compared and dominant
pathways are determined relatively. It is important to note
that transition states along these pathways are not deter-
mined and the current investigation is solely of a thermody-
namic nature.

In all of the cases, chlorine is bound strongly on the
surface and it does not desorb. Both HgCl and HgCl, can
be adsorbed dissociatively or non-dissociatively. In the case
of dissociative adsorption, Hg can desorb while HgCl re-
mains on the surface. The compound, HgCl, was not found
to be stable on the surface. Even if it is formed on the sur-
face, it can easily desorb or return to the reactant species.
The most probable mercury species on the surface was
found to be HgCl which has also been shown by experi-
ments [7].

These observations serve to highlight the complexity of
the binding mechanism of mercury species on activated car-
bon surfaces. Not only mercury—chlorine species are present
in the flue gas but also mercury-bromine species exist and
play a significant role in mercury capture by activated carbon.
Further investigations will be carried out to examine the bind-
ing of HgBr and HgBr, on the simulated carbon surface and all
dominant pathways will be combined to determine a com-
plete binding mechanism of mercury species on simulated
activated carbon surfaces. Understanding the mechanism by
which mercury adsorbs on activated carbon would be useful
to the design and fabrication of effective control technologies
for mercury.
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