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HIGHLIGHTS

« HgCl, is directly formed by the
adsorbed Cl and Hg® on the ZnO
surface and not via HgCl
intermediate.

« The dissociated H atoms on the ZnO
surface inhibit the formation of HgCl,.

 Cl, rather than HCl is responsible for
the oxidation of Hg° on the ZnO
surface.

« HgCl, is easy to be formed via the E-R
and L-H mechanisms on the ZnO
surface.
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ABSTRACT

The density functional theory with the generalized gradient approximation has been used to determine
the binding mechanism of Cl,, HCl and Hg species on the ZnO(1010) surface, and the Hg® oxidation
mechanism by Cl, (or HCl) on the ZnO surface. Cl, and HCI are dissociatively adsorbed on the surface,
and Cl atom bonds to two adjacent Zn atoms. Binding energy of Hg® is showing a physisorption mecha-
nism, while HgCl, is strongly adsorbed on the surface in the molecularly mode, which indicates that the
oxidation of Hg? is necessary for its removal from flue gas. HgCl is not an indispensable intermediate dur-
ing the Hg® oxidation to form HgCl,. Three Hg® oxidation mechanisms have been investigated, and the
HgCl, is easy to be formed via both the Eley-Rideal and Langmuir—Hinshelwood mechanisms, while
Mars—Maessen mechanism is unfavorable since high activation energy is needed for Hg® reacting with
the lattice oxygen of ZnO. The adsorbed H atoms by HCI dissociation inhibit the formation of HgCl,
and Cl, is the primary species being responsible for the Hg? oxidation on the ZnO surface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

species to be removed from the coal-derived flue gas because of
its exceedingly high volatility, low water solubility, and relative

The emission of mercury (Hg) in coal has attracted a growing
attention due to its large impact on environment and mankind
health [1-3]. Mercury is vaporized from the coal and mainly exists
in the elemental mercury (Hg®) form, which is the most difficult
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chemical inertness [4,5]. An effective method being considered to
control the Hg® emission in the flue gas is oxidizing Hg® with oxi-
dants like Cl, or HCl over a catalyst, followed by the removal of the
resulting oxidized mercury [6-9]. HgCl, is generally thought to be
the main oxides in the coal-derived flue gas, which is slightly less
volatile and better water—soluble than Hg® [10].

Cl, is an effective oxidant for the conversion of Hg® to HgCl,
[11]. Laudal et al. [12] have injected Cl, into their simulated flue
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gas and concluded that Cl, instead of HC, is responsible for Hg°
oxidation. Conversely, it is observed that there is a direct relation
between the concentration of HCl in a simulated flue gas and the
extent of mercury oxidation [13,14], and a good correlation be-
tween the fraction of mercury in the oxidized state and the mer-
cury removal from the flue gas [15]. The effects of HCl on the
Hg® removal from coal derived fuel gases over CeO,/TiO, and
V,05(WO03)/TiO, have been investigated. The results show that
HCI exhibits a promotional effect on Hg® oxidation over CeTi cata-
lyst [16] and the Hg® oxidation rate is enhanced by increasing HCI
concentration [17]. CuO also exhibits significant catalytic activity
for the Hg® oxidation in the presence of HClI [18]. However, the
presence of HCl inhibits the Hg® removal rate by Fe,05 [19,20],
which suggests that the effect of HCl on Hg removal varies from
one catalyst to another. Therefore it is urgent and necessary for
Hg removal to seek for an efficient material, which requires two
important aspects: (1) extensive evaluation of currently used and
new catalysts, and (2) a more comprehensive understanding of
the reaction mechanism [21]. Recently, the activated carbon pre-
pared by chemical activation using zinc chloride (ZnCl,) has
showed significant mercury adsorption capability because Hg® is
oxidized by the oxidative elements on the surface of activated car-
bon [22], while it prepared by steam activation do not adsorb Hg°
in nitrogen environment [23,24]. In this process, Cl atoms which
are created by ZnCl, impregnation, are involved by probably form-
ing various complexes, e.g. [HgCl]*, [HgCl,] and [HgCl,]?>~ [25].
Nowadays, experimental information is not always sufficient
and computational chemistry methodologies have been used to
further insight into the material properties, mechanisms of adsorp-
tion and oxidation [26,27]. The oxidation mechanism and kinetics
of Hg® by chlorine [28] and bromine [29] were investigated using
quantum chemistry, and several important reaction parameters
were obtained. The binding mechanisms of mercury species,
including Hg® HgCl and HgCl,, on the o-Fe,0s (001) and
V,05(001) surfaces were also investigated by using the density
functional theory (DFT) [30,31] and the oxidation pathway for
Hg® by HCl was presented. On the CaO(100) and CaO(001) sur-
faces, HgCl and HgCl, were chemisorbed while Hg® was physi-
sorbed [32,33]. Negreira et al. [34] investigated the oxidation of
Hg® by HCI on the vanadia dimer supported on the TiO»(001)
surface. It could draw a conclusion that the oxidation follows a
Langmuir-Hinshelwood mechanism due to the stronger HCl and
HgCl interaction with the surface, and then HgCl, was formed. In
addition, our latest work [35] using theoretical method has shown
that Hg® is physically adsorbed on the ZnO(1010) surface, which
implies the poor removal rate of Hg®. However, the adsorbed active
S by H,S dissociation easily captures Hg® to form stable HgS, con-
tributing to Hg® removal. Soon afterwards, a latest related research
by Zhou et al. [36] verified our prediction. The nano-ZnO sorbents
have been synthesized by a homogeneous precipitation method,
and it can be concluded that Hg removal rate is about 11% by
nano-ZnO sorbent, while only 6% by ZnO sorbent. Furthermore,
the effect of H,S on the average Hg® removal rate in 2 h are shown
that the Hg® removal rate gradually increases with the H,S concen-
tration increased, even the rate reaches 95.6% when 0.08% H,S is
introduced to the gas flow. The above facts indicate that the theo-
retical study not only can illustrate the experimental results, but
also can predict and evaluate the properties of materials. In addi-
tion, a number of metal oxides like CuO, Fe,03, Ca0, V,0s, MnO,,
Ce0, and ZnO, have similar properties in desulfurization [37,38].
And the former six materials can convert Hg® to HgCl, in the pres-
ence of Cl, or HCl, contributing to the mercury removal [39,40].
However, The Hg® removal rate in the presence of Cl, (or HCI) by
the ZnO sorbent remains unknown. And Hg oxidation on the ZnO
surface prefers to proceed via a Langmuir-Hinshelwood (L—H)
[41] or an Eley-Rideal (E-R) [42] or a Mars—Maessen (M—M)

mechanism [43], is not clear. In the L-H mechanism, both Hg
and Cl, (or HCl) are adsorbed on the ZnO(1010) surface, and sub-
sequently, HgCl, is formed [44]. In contrast, in the E-R mechanism,
Cl, (or HCI) is adsorbed on the surface, then a Hg atom from the gas
phase directly attacks the adsorbed Cl species leading to the forma-
tion of HgCl, [45]. The M—M mechanism is the oxidation of Hg® by
a lattice oxidant to form HgO [46].

The goal of our theoretical study is to provide fundamental in-
sight into Hg® oxidation by Cl, (or HCl) on the ZnO surface, includ-
ing the binding mechanisms of Cl, (or HCl) and Hg species on the
ZnO surface, and the reaction mechanism between Cl; (or HCI) and
Hg®. In the Hg® oxidation process, whether HgCl is the indispens-
able and important intermediate, and whether Cl, or HCl is the pri-
mary species and responsible for this oxidation, will be
understood. In addition, the influence of dissociated H atoms by
HCI on the formation of HgCl, will also be explained.

2. Computational model and method
2.1. Computational model

A reasonable computational model is very important to de-
scribe, explain, and even predict an experimental fact. ZnO(1010)
surface was selected to characterize the oxidation mechanism of
Hg® by Cl,, (or HCl) as its electronic stability and being main surface
of ZnO [47-51]. Fig. 1 displays the configurations of the top view
and side view of ZnO(1010) surface. Six chemically different types
of adsorption sites on the ZnO(1010) surface were considered,
including “Zn-top”, “O-top”, “short Zn—O bridge”, “long Zn—0
bridge”, “Zn—Zn bridge” and “O—0 bridge” sites, corresponding
to I, II, III, IV, V and VI, respectively.

The calculations on the p(3 x 2) surfaces were performed by
using slab models of eight layers. A lot of theoretical studies have
shown that the 8-layer slab model adequately represents the
ZnO(1010) surface [52-54]. The bottom two layers of the slab
were kept fixed at their bulk-like positions, while the remaining
atoms in the top six layers and the adsorbed molecules or atoms
were allowed to relax. The vacuum layer of 10 A along the z-direc-
tion was assumed to avoid the interactions between periodic slabs
of atomic layers.

2.2. Computational method

Density functional theory (DFT) is a quantum mechanical
modeling method used in physics and chemistry to investigate
the electronic structure of materials, thereby determine their prop-
erties [55]. The generalized gradient approximation (GGA) with
Perdew-Wang 1991 function [56,57] and a doubled-numerical-
quality basis set with polarization functions (DNP) [58] were used
for all the calculations. The inner electrons of Zn atoms and Hg
atoms were kept frozen and replaced by an effective core potential
(ECP) [59], and other atoms in this study were treated with an all-
electron basis set. The calculations were carried out by using the
Brillouin zone sampled with a 3 x 2 x 1 Monkhorst-Pack mesh
k-points grid, and the real space cutoff radius was maintained as
4.4 A. Meanwhile, transition state (TS) search was performed at
the same theoretical level with the complete linear synchronous
transit and quadratic synchronous transit (LST/QST) method [60],
starting from reactant and product, the LST method performs a sin-
gly interpolation to a maximum energy, and the QST method
alternates searches for an energy maximum with constrained
minimizations in order to refine the transition states to a high
degree [61,62]. In addition, TS confirmation was done on every
transition state structure to demonstrate that it leaded to the
desired reactant and product using the nudged elastic band
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(b) Top view

Fig. 1. The slab model of the ZnO(1010)—(3 x 2). (a) Side view of the ZnO(1010)
surface; (b) top view of the ZnO(1010) surface. I, II, III, IV, V and VI correspond to
active sites for “Zn—top”, “O—top”, “short Zn—O bridge”, “long Zn—O bridge”,
“Zn—Zn bridge”, and “O-O0 bridge” sites, respectively. The dot line represents the
supercell used in this study.

(NEB) method [63]. All calculations were carried out with the
Dmol® program available in Materials studio 5.5 package [64,65].
The reason for selecting the method and parameters are provided
in the Supplementary information. The adsorption energies, E,qs,
are calculated as follows:

E.gs = Ewor(ads) + Eior(slab) — Eye(ads/slab) (1)

where E(ads) is the total energy of the free adsorbate in the gas
phase, Ei(slab) is the total energy of the bare slab, and E..(ads/
slab) is the total energy for the slab with adsorbate in its equilib-
rium geometry.

3. Results and discussion
3.1. Hg® adsorption on the ZnO(1010) surface

The most stable adsorption structure of Hg® on the ZnO(1010)
surface is that Hg atom is bound to the surface Zn atom with the
adsorption energy of 27.0 k]-mol~!, which is similar to the cases
on the a-Fe,05(001) [30] and CuO(110) [66] surfaces, in which
Hg atom interacts with the metal atom. However, on the
Ca0(100) [32] and V,05(001) surfaces [31], the mercury—oxygen
interactions are more favorable. Mulliken population analysis and

the partial density of states (PDOS) are calculated to analyze the
interaction between adsorbed Hg and the ZnO(1010) surface. Lit-
tle electrons of 0.120e transferring from Hg atom to the surface im-
plies that Hg atom is weakly bound to the surface Zn atom. The
PDOS in Fig. 2 shows that the sharp peak of d state is not changed
after Hg adsorbing, and only s and p states slightly broaden, which
indicates Hg® is physically adsorbed on the ZnO(1010) surface
[35], and the recent experiment has also authenticated it [36].
The similar result has also been investigated on the vanadia dimer
supported on the TiO,(001) surface [34], CaO(100) [32] and
Ca0(001) surfaces [33,67,68], the adsorption energies are 3.8,
12.3 and 21.5-31.4kJ-mol™!, respectively. However, Hg has a
strong interaction with the noble metal Pd comparing with ZnO,
as a result of a significant overlap between the s- and p-states of
Pd and the d-states of Hg [69].

3.2. Cl, adsorption on the ZnO(1010) surface

Three different adsorption structures are obtained when Cl, are
placed on the ZnO(1010) surface with different original models,
which are shown in Fig. 3, and the adsorption energies are shown
in Table 1. Clx(a) and Cly(b) are the molecular adsorption of Cl,, the
bond lengths of CI—Cl are 2.166 and 2.178 A, and the adsorption
energies are 50.4 and 61.2 kJ-mol~!, respectively. In Cly(c), Cl, is
dissociatively adsorbed on the surface, and two Cl atoms are at
two adjacent Zn-Zn bridge sites. The adsorption energy is
130.0 kJ-mol~!, which shows that Cl atom prefers to adsorb at
the Zn—Zn bridge site.

3.3. HCl adsorption on the ZnO(1010) surface

For the asymmetric HCl molecule, two adsorption modes on the
ZnO(1010) surface are considered: one is an end-on mode involv-
ing HCI being perpendicular to the surface via the Cl or H atom
approaching to the surface, and the other is a side-on mode involv-
ing HCI being parallel to the surface. Fifteen possible initial adsorp-
tion configurations are presented in Fig. S1 (Supplementary
information). Five different adsorption structures are obtained, as
shown in Fig. 4. The perpendicular orientation of HCl is illustrated,
and it has been found that H adsorbs at the O atom site with a
weak interaction, while Cl desorbs. Another possible configuration
for the perpendicular adsorption HCl on the ZnO(1010) surface is
with the Cl atom located closer to the surface O. However, this re-
sults in HCI being far away from the surface with a weak interac-
tion of 6.4 k]-mol~'. Calculated adsorption energies show that the
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Fig. 2. PDOS analysis of Hg atom before and after adsorption on the ZnO(1010)
surface. (a) the free Hg atom and (b) the adsorbed Hg atom.
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Fig. 3. Optimized adsorption configurations of Cl, on the ZnO(1010) surface. The
bond lengths are given in A.

Table 1
The adsorption energies of Cl,, HCl and HgCl, on the ZnO(1010) surface (kJ-mol ).

Species  Eags Species  Eags Species  Eags Species Eaqs

)
HgCl(j) 1375
HgCl(k) 138.6

Cly(a) 504 HCl(a) 1768 HgCl(a) 845 HgCl(a) 13.0
Cly(b) 612 HCI(b) 1747 HgClb) 823 HgCl(b) 104
Cl(c) 1300 HCl(c) 60.0 HgCl(c) 726 Hgll(c) 402
HCl(d) 64 HgCl(d) 715 HgCl(d) 224
HCle) 1834 HgCle) 128.7 HgClyle) 57.9
HgCl(f) 1286 HgCl(f) 1168
HgCl(g) 1258 HgCly(g) 115.7
HgCl(h) 985
HgCl(i)  132.6
(
(

parallel orientations of HCl are favorable, in which Cl is bonded to
the surface Zn with a single bond or bridge bond. As a consequence,
HCl competes with Hg® for the active Zn sites. This is consistent
with the adsorption of Hg® and HCl on the vanadia-based catalyst
when HCI adsorbs onto the catalyst surface in a pure N, environ-
ment and competes with the weakly adsorbed Hg® for the active
sites [70].

3.4. HgCl adsorption on the ZnO(1010) surface

Cl atom prefers to adsorb on the surface Zn atom in the bridge
bond mode, and Hg atom binding with the surface Zn atom is also
the most stable configuration. The two atoms in HgCl are compet-
itive for the active Zn site, thus the adsorption modes are needed to
be studied.

Similar to the case of HCl, all the fifteen possible initial adsorp-
tion modes of HgCl on the ZnO(1010) surface are investigated, and
eleven optimized equilibrium configurations are obtained, as
shown in Fig. 5. There are only four adsorption configurations of
HgCl with the molecular modes, and the others are the dissociative
modes. The adsorption energies of HgCl show that the dissociative
adsorption structures are favorable compared with the molecular
structures, which is in line with the adsorption of HgCl on the

HCI () HCI (b)
1291 §

3.041 §

HCI (¢) HCI (d)
®xmm @0

Oca ©OH

Fig. 4. Optimized adsorption configurations of HCl on the ZnO(1010) surface.

Ca0(100) surface, and the adsorption energies of the stable config-
urations on these two surfaces are 138.6 and 100.3 k]-mol~' [32],
respectively. Only trace amount of HgCl existing in molecular
mode explains why the concentration of HgCl cannot be measured
directly with experiments [71,72]. On the a-Fe,03(001) surface
[30], HgCl also primarily exists in dissociative mode. It implies that
HgCl is not a stable intermediate during the Hg® oxidation by Cl, or
HCl on the ZnO(1010) and o-Fe,03(001) surfaces. However, HgCl
is formed following an E—R mechanism via gas phase Hg interact-
ing with adsorbed HCl on vanadia—titania catalyst, and then reacts
with HCI leading to the formation of HgCl, [34]. In addition, HgCl
molecularly adsorbing on the V,05(001) surface at different sites
has been investigated [31]. Thus, unlike the case on the ZnO(1010)
surface, HgCl is an important intermediate for the Hg® oxidation
over the vanadia catalyst.

3.5. HgCl, adsorption on the ZnO(1010) surface

HgCl, is initially placed at different adsorption sites in perpen-
dicular and parallel orientations. The seven calculated and optimal
configurations of HgCl, are shown in Fig. 6, and their adsorption
energies are displayed in Table 1. For the perpendicular cases, they
have little adsorption energies, implying weak interaction between
the perpendicular structures and the surface. For the parallel cases,
the most stable structures are HgCl,(f) and HgCl,(g). The molecule
HgCl; is linear, and the between Hg and Cl decreased to 167.332°
and 167.088° on the surface. Hg prefers to the O top site in HgCl,(f)
and to the O-0 bridge site in HgCl,(g), while the two Cl atoms are
stable at the Zn top site and the Zn-Zn bridge sites. The similar
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Fig. 5. The optimized equilibrium configurations of HgCl adsorbed on the ZnO(1010) surface.
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Fig. 6. The optimized equilibrium configurations of HgCl, adsorbed on the ZnO(1010) surface.

HgCl, (e)

conclusion has been obtained by other researcher’s report on the
Ca0(100) surface [32], and an experimental study has reported
that HgCl, can be captured in parallel on the CaO surface with
the attractions of both acidic (Ca®*) and basic (0?7) sites [73].
Meanwhile, it can be found that the adsorption energy of HgCl,
on the ZnO(1010) surface is little higher than that on the
Ca0(100) surface with 90.0 kJ-mol~! [32] and little lower than that
on the Ca0(001) surface with 147.6 kJ-mol~! [68]. However, the
current results do not agree with the results of Guo et al. [30],
and the most stable configuration of HgCl, on the o-Fe;03(001)
surface is a dissociative adsorption.

2334 2334

2426 2.426
' 3333f o7hg $3.337

HgCly(d)

@ In
@O0
@ Hg
(e
HgClL ()

3.6. Hg® oxidation on the ZnO surface

Wilcox et al. [26] have explored the current state of knowledge
associated with the homogeneous and heterogeneous reaction
pathways, and the adsorption mechanism on various materials
are discussed. In addition, several critical reviews [21,26,39] be-
lieved that a degree of predictability in the performance of the cat-
alyst will be needed, and a detailed mechanism and kinetic are
needed to develop to explain and predict the Hg® oxidation
removal. Thus, three possible mechanisms associated with Hg® oxi-
dation on the ZnO surface are investigated. The most favorable
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adsorption configurations of Cl,, HCI, Hg® and HgCl, determine the
initial configurations of the reactants and products in the Hg® oxi-
dation pathways. The potential energy diagram for the Hg® oxida-
tion pathway by Cl, on the ZnO(1010) surface is obtained and
presented in Fig. 7. The reaction pathway for the direct formation
of HgCl, is investigated through the reaction between the adsorbed
Cl and adsorbed Hg (or Hg in gas) due to the low concentration of
HgCl, which is in agreement with the finding of Senior et al.
[71,72].

When the E—R mechanism is proposed to explain the reaction,
two Cl atoms adsorbed at two nonadjacent Zn—Zn bridge sites
according to the formed HgCl,(g), and Hg atom in gas is far away
from the adsorbed Cl atom [R(E—R) in Fig. 7]. Then, Hg atom ap-
proaches to the surface Cl atoms, and a little activation barrier of
3.9 kJ-mol~! is needed to overcome at TS(E—R) leading to the for-
mation of HgCl,(g), implying that the formation of HgCl, is easy.
L—H mechanism is also applied to investigate the Hg® oxidation.
During the study, two Cl atoms resulting from the dissociation of
Cl, and Hg atom are separately adsorbed at their stable sites on
the ZnO(1010) surface, the adsorbed species react and form HgCl,
via TS(L—H) with the activation energy of 53.0 kj-mol~'. The rela-
tively low energy barrier makes the HgCl, formation moderately
easy. The L-H mechanism has also been proposed to explain the
mercury oxidation on the vanadia-based catalyst in experiment,
where the active Cl generated from adsorbed HCl reacts with adja-
cent Hg? leading to the formation of HgCl, [70]. In these two reac-
tion processes, HgCl, is directly formed via the dissociated Cl atom
and Hg without HgCl intermediate. However, a different oxidation
process of Hg® has been obtained on the Au(11 1) surface, in which
Hg oxidation prefers a pathway of HgCl serving as an intermediate
for the eventual formation of HgCl,, rather than a pathway directly
oxidizing Hg to HgCl, [74].

300
- /’Tsaw-fvf)‘x\
3 200 R T
5 i P(M-M)
- S 192.4
2 100- il 53.0
o . TS(L-H)
1] ’ et —
= ’ s .
< R 7+ ...t
g 0 — s —
£ 0.0 TS(E-R)
= 3.9 .
g . -109.5
. 100 - HegCl(®
-131.4
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e, e. 3.284.¢.4.384
3,856 3,882 3.1_‘_4_(; .3__1’99 341y

TS (L-H)
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2.21 066
2,852 637 L879 546
R (M-M) TS (M-M) P (M-M)

Fig. 7. Potential energy diagram for the oxidation pathway of Hg® by Cl, on the ZnO
surface.

In addition, the M—M mechanism of the Hg® reacting with a
lattice oxygen on the ZnO surface has also been investigated. The
oxygen-deficient ZnO surface is formed followed by the oxidation
of Hg®, and HgO adsorbs on the oxygen defect surface. Two adsorp-
tion configurations are obtained, one is that O atom in HgO fills the
oxygen defect, and Hg adsorbs at the Zn site, which is the same as
the structure of Hg atom adsorbing on the perfect ZnO(101 0) sur-
face; the other is that HgO adsorbs at the deficient site with an
adsorption energy of 339.5 kJ-mol~!, which is as the oxidation
product of Hg® named P(M—M) (see Fig. 7). An activation barrier
of 276.0 kJ-mol~! is needed to overcome to form HgO, indicating
that the M—M mechanism is less favorable than the L—-H and
E—R mechanisms for the Hg® oxidation.

The oxidation of Hg® by HCl is also investigated in this research.
An examination of the energy diagram clearly indicates that the
adsorptions of HCl and Hg are the exothermal processes, which is
shown in Fig. S2. A HCI and a Hg atom adsorb on the surface with
a reaction energy of —212.6 k]-mol~?, and the adsorption mode of
HCl is the same as that of single HCl without Hg adsorbing. The
adsorption energy of HCl is 185.6 k]-mol~! when it is co-adsorbed
with Hg on the ZnO(1010) surface, which is a little difference with
only 2.2 k]-mol~" compared with the adsorption of single HCl. And
then another HCl adsorbs on the surface with a reaction energy of
—200.0 k]-mol~". In the adsorption process, the HCl molecule dis-
sociatively adsorbs on the surface, and Cl atoms bonds to the sur-
face Zn atoms to form ZnOClI, species. The similar structure VOCl,
resulting from reaction between gaseous HCl and V,0s has also
been reported by others [75]. This suggests that HCl participates
in Hg® oxidation in a form of adsorbed species and Cl bounds with
Zn atom.

Then, the formation of HgCl, is studied. However, it is unfortu-
nately that the HgCl, is not formed on the surface when the ad-
sorbed H atoms are present, showing that the presence of H is
disadvantageous to the Hg® oxidation. The similar result has been
obtained with experimental study of Hg® removal by Fe,0; in the
presence of HCl [19,20]. However, HCl is an effective flue gas com-
ponent for Hg® oxidation over CeTi catalyst, which can be adsorbed
and reacted with the catalyst to form active oxychloride. And then,
the active surface species react with adsorbed Hg® leading to HgCl,
via HgCl intermediate with the L-H mechanism [16]. On the
Au(111) surface, the H atom due to HCl dissociation consumes
the electron charge of the gold atoms, and lowers the strength of
interaction between the gold atoms and the reaction intermedi-
ates. Eventually HCI enhances the Hg oxidation reaction by lower-
ing the activation energy for the formation of HgCl and HgCl, [74].
The situation on the ZnO(1010) surface is different. The charge of
0.132e transfers from H atoms to the surface during dissociatively
adsorption of HCl on the surface, thereby strengthens the interac-
tion between the adsorbed Cl atom and surface, which ultimately
inhibits the Hg® oxidation. Future work will focus on exploring
the experimental conditions, where different flue gas components
like HCI and Cl, will be considered, which could validate the pre-
dicted results.

4. Conclusions

The density functional theory and periodic model have been
used to study the binding mechanisms of Hg® Cl,, HCl, HgCl and
HgCl, molecules on the ZnO surface. It is determined that Hg® is
preferably adsorbed on the ZnO(1010) surface at the Zn atom with
the physisorption. Cl, and HCI are mainly dissociatively adsorbed
on the ZnO(1010) surface, and Cl atom prefers to adsorb at the
Zn—Zn bridge site. HgCl mainly exists in dissociative mode and is
not stable intermediate. HgCl, as the oxidative product of Hg’ is
adsorbed on the ZnO(1010) surface in molecular mode.
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Both Eley-Rideal and Langmuir—Hinshelwood mechanisms are
viable for the ZnO-catalyzed Hg® oxidation, HgCl, is directly
formed through the reaction of the adsorbed Cl with adsorbed
Hg or Hg in gas, and the activation energies are 3.9 and
53.0 k]-mol~!, respectively. The Mars—Maessen mechanism is
unfavorable for this reaction due to a high activation barrier. The
dissociated H atoms on the surface inhibit the formation of HgCl,,
and Cl, is the primary species being responsible for the Hg® oxida-
tion on the ZnO surface.
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