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HIGHLIGHTS

GRAPHIC ABSTRACT

. Hgo is chemically adsorbed and fully oxidized by
surface oxygen on CeO,.

* HCI promotes the desorption of oxidized Hg on
CGOZ.

* Surface oxygen is consumed by the H provided
by HCL.

* Desorption of oxidized Hg is a rate-determining
step.

* Maintenance of sufficient active surface oxygen
is another rate-determining step.
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ABSTRACT

First-principles calculations were performed to investigate the mechanism of H%O adsorption and
oxidation on CeO,(111). Surface oxygen activated by the reduction of Ce*t to Ce®™ was vital to Hg
adsorption and oxidation processes. Hgo was fully oxidized by the surface lattice oxygen on
CeO,(111), without using any other oxidizing agents. HCI could dissociate and react with the Hg
adatom on CeO,(111) to form adsorbed Hg—Cl1 or CI-Hg—Cl groups, which promoted the desorption of
oxidized Hg and prevented CeO, catalyst deactivation. In contrast, O—H and H-O—H groups formed
during HCI adsorption consumed the active surface oxygen and prohibited Hg oxidation. The
consumed surface oxygen was replenished by adding O, into the flue gas. We proposed that oxidized
Hg desorption and maintenance of sufficient active surface oxygen were the rate-determining steps of
Hg" removal on CeO,-based catalysts. We believe that our thorough understanding and new insights
into the mechanism of the Hg0 removal process will help provide guidelines for developing novel
CeO,-based catalysts and enhance the Hg~ removal efficiency.

© Higher Education Press and Springer-Verlag GmbH Germany 2018

1 Introduction

processes constitute a significant amount of mercury
released into the atmosphere [3]. Mercury exists in three

As an air-toxic metal, mercury is of major concern due to
its volatility, persistence, and bioaccumulation as methyl-
mercury in the environment and its neurological health
impacts [1,2]. Nowadays, emissions from coal combustion
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different forms: oxidized mercury (Hg”"), particulate
mercury (Hg(p)), and elemental mercury (Hg°) [4,5]. Hg"
is the most abundant form in the atmosphere, and it is also
the most difficult to remove due to its high volatility, low
reactivity, and low solubility [3,6]. Therefore, enhancing
the sorption and oxidation of Hg® on particle surfaces is
necessary for Hg® emission control.
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Various sorbents or catalysts, including activated
carbon, metal oxides, metal sulfides, and pure metals,
may be used in the combustion flue gas environment to
capture and oxidize Hg’ [6-8]. Among recently developed
sorbents and catalysts, Ce-based oxides are promising as
selective catalytic reduction catalysts for the removal of
Hg" at low flue gas temperatures [9—14]. Hg oxidation over
the CeO,-TiO, catalyst in the simulated flue gas was
reported to be higher than 90% in the temperature range of
200°C-250°C [10]. The oxidation of Hg° can be promoted
in the absence of O,, HCI, and NO owing to the presence
of surface oxygen on CeO,. High Hg® conversion rates by
Ce0,-Mo00; catalysts at different temperatures (150°C,
250°C, 350°C, and 450°C) have been reported by Chang et
al. [12]. The reduction of Ce** to Ce*" can provide a large
amount of surface lattice oxygen, which could be used for
Hg" adsorption and oxidation. In addition, transition metals
can be well dispersed on the CeO, surface, which enhances
the reduction of Ce*" to Ce*" and promotes the catalytic
reactivity of CeO, [15-18].

For the Hg" oxidation reaction in the coal-fired flue gas,
HCl is the most important oxidizing agent because the HCI
concentration is higher than the Cl, concentration [9—-12].
The oxidation efficiency of CeO,-based catalysts increases
significantly due to the presence of HCl. The overall
reaction for the catalytic oxidation of Hg® is shown by the
following equation:

Hg" + 2HCI + 1/20, —HgCl, + H,0 (1)

On the contrary, NH; exhibited an inhibitory effect on
Hg® adsorption because it consumed the surface absorption
sites [12-14]. The mechanism of Hg’ adsorption and
oxidation on the CeO,-based catalyst is quite complicated;
therefore, a thorough investigation by theoretical methods
1S necessary.

Quantum chemical methods based on density functional
theory (DFT) have been utilized to elucidate the Hg®
adsorption and oxidation processes on different substrates
such as Au(111), 0-Fe,05(1102), MnO,(110), and CeO,
(111) [19-23]. Lim et al. reported a three-step oxidation
mechanism that oxidized Hg to HgCl, and then to HgCl,.
By calculating the barrier energy, they deduced that the
oxidation of HgCl to HgCl, was the rate-limiting step
[19,20]. Jung et al. showed that Hg’ was physically
adsorbed on a-Fe,O3(1102) and the absorption strength
was enhanced by the presence of Cl [21]. Zhang et al.
calculated the Hg® adsorption energy on MnO,(110) and
showed that Hg® was strongly adsorbed on the MnO,
surface via chemisorption [22]. They also investigated the
Hg? adsorption and oxidation process on CeO,(111) [23]
and determined the entire Hg oxidation reaction pathway
of Hg to HgCl, and then to HgCl,. They suggested that
HgCl, formation was the rate-determining step. Never-
theless, the standard energy functionals of generalized
gradient approximation (GGA) without adding a Hubbard

U term do not allow for a reliable description of reduced
ceria, i.e., when an electron is localized on the Ce-4f states
leading to a Ce*" ion [24-26]. As a result, their
calculations failed to take into account the effect of Ce**
reduction to Ce’" and the active surface oxygen of CeO»,
both of which are important for elucidating the surface
catalytic process of CeO,. Here, we considered the strong
correlation of the Ce-4f states with the DFT 4 U protocol
and investigated the mechanism of Hg® adsorption and
oxidation on CeO,(111). The effect of Ce*" reduction to
Ce*", active surface oxygen, and participation of HCI in
the Hg® oxidation process are extensively discussed.

2 Computational details

We applied spin-polarized density functional theory (DFT)
plane wave calculations as implemented in the Vienna ab
initio simulation package (VASP) with the projector
augmented wave method (PAW) [27-30]. The exchange-
correlation energy term was treated using the Perdew—
Burke—Ermzerhof (PBE) GGA in conjunction with the
interpolation formula [31,32]. A reliable description of
both stoichiometric and reduced ceria-based materials was
achieved by adding a Hubbard U correction into the GGA
energy term that described the localized f electrons on Ce
ions. The optimal value of U correction of Ce ions, U,
was approximately 5.0 eV, as discussed by Zhang et al.
[33]. Therefore, U.gr = 4.5 €V was chosen after the linear-
response approach of Cococcioni and de Gironcoli, as
suggested by Fabris et al. [34]. In our calculations, a plane
wave representation of the wave function was applied with
a cut-off energy of 500 eV. The convergence of ceria
reached 1.0 x 10™* ¢V in the self-consistent field (SCF)
energy, and 1 x 107 eV and 0.05 eV/A in the total energy
and atomic forces, respectively, when we optimized the
structures. The electron configurations of O-2s*2p?, Hg-
5d'%6s?, H-1s', and CI3s?3p® were chosen as the valence
electrons. Different configurations were used for Ce atoms
in the calculations, including 5s?5p®6s*5d'*f" and 6s*5d'*f".

The CeO,(111) surface was modeled using a p(2 x 2) 9-
layer slab (12 CeO, units per supercell), where the top
three layers were relaxed for structure optimization. The
vacuum region between the slabs was 20 A, which was
verified to sufficiently avoid the interactions between the
slabs (Fig. 1). The Brillouin zone was sampled witha 3 x 3
x 1 k-points mesh, generated by the Monkhorst-Pack
algorithm. The adsorption energies (E,q45) were calculated
by Eads = E(surfacc — adsorbate) — E(surfacc) - E(adsorbatc)» where

E(surfhce — adsorbate)> E(surface)a and E(adsorbate) were the
calculated electronic energies of the adsorbed species on

the surface, bare surface, and adsorbate in gas phase,
respectively. Bader charge analysis was employed to
calculate the charge transfer of the reactions based on the
zero flux surfaces method [35,36]. Bonding charge density
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was evaluated by calculating the charge difference as p =
p(surface + absorbate) p(surface) - p(absorbate)a where p(surface +
adsorbate)> P(surface) and P(adsorbate) WETE the Charge dGHSity of
adsorbed species on the surface, bare surface, and
adsorbate, respectively.

3 Results and discussion

3.1 Hg® adsorption and oxidation on CeO,(111)

A single Hg atom was placed at various active sites on
CeO,(111), including Ce-top (Cet), O-top (Of), Ce-Ce
bridge (Ceb), O-O bridge (Ob), and O-hollow (%)
positions, to simulate mercury adsorption on CeO,(111)
at low concentrations (Fig. 1(b)). In each case, the Hg—Hg
interactions were weakened by the lower surface coverage.
The calculated adsorption energies and Hg—O bond lengths
are given in Table 1. The different valence electron

configurations of Ce atoms resulted in a significant
difference in the calculations. When the 5s>5p®6s*5d'4f"
electron configuration of Ce atoms was used, the
interaction between Hg and CeO,(111) was quite weak,
as indicated by the large distance (3.85 A) between the Hg
atom and its nearest O atom at the Ce-top site, as well as
the relatively large adsorption energy (—4.27 kJ/mol).
According to Bader charge analysis, this valance electron
configuration gave the oxidation states of adatom Hg at
various adsorption sites in the range of 11.95-11.96 e. This
was quite close to the Bader charge of atomic Hg (11.96 ¢)
and indicated physical absorption of Hg on CeO,(111).
This result was consistent with previous research [23],
where the adsorption mechanism of Hg’ on CeO, was
proposed as physisorption. However, the experimental
observations disagreed with this hypothesis. CeO,-based
catalysts are known for their capability to effectively
remove Hg® at relatively low temperatures without using
oxidizing agents such as O,, HCI, and NO [9-11]. X-ray
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Fig. 1 CeO,(111)-p(2 x 2) 9-layer slab: (a) side and (b) top views, in which yellow and red spheres represent Ce and O atoms,
respectively. Cet, Ceb, Ob, Ot, and & correspond to active sites at Ce-top, Ce-bridge, O-top, O-bridge and O hollow positions

Table 1 Adsorption energies (E,qs) and equilibrium distances of a Hg adatom on the CeO,(111)

o 5525p°6s*5d 4f! 6s>5d'4f!
Adsarption ste Fom. (T/mol) Riwo (A) Frar (I/mol) Riwo ()
Ce-top —-4.27 3.85 -130.21 2.32
Ce-bridge 18.52 2.57 -201.46 2.25
O-top -2.26 3.42 -59.64 2.18
O-bridge -3.50 3.83 -201.43 2.25
O-hollow -3.56 3.80 -201.49 2.25
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photoelectron spectroscopy (XPS) characterization pro-
vided direct evidence for Hg oxidation on the CeO, surface
[9]. The valence electron configuration, 5s*5p°6s*5d'4f",
failed to describe the surface properties of CeO,.

When only the outmost electrons were considered as the
valence electrons, i.e., the 6s*5d'4f' configuration, the
calculated adsorption energy of Hg at the O hollow sites
was —201.49 kJ/mol (labeled as % in Fig. 1(b)). At this
optimized position, the Hg atom was exactly at the centroid
of the three neighboring O atoms with a Hg—O bond length
of 2.25 A in the first coordinate layer (Fig. 2). The Hg
atoms initially located at Ceb and Ob also moved to the /4
site to minimize the adsorption energies during this
structural optimization (Table 1). Bader charge analysis
suggested that the electrons were transferred from Hg to
CeO,(111), resulting in a value as low as 11.25 e, which
was smaller than that of the atomic Hg. The oxidation
states of Hg in HgO, HgCl, and HgCl, were also calculated
(Table 2). According to the calculated results, the oxidation
state of adatom Hg on CeO,(111) was quite close to that of
HgCl,. This consistency implied a strong interaction
between the Hg and CeO, substrate. As a result, the Hg
adsorption mechanism was considered to involve chemi-
sorption and Hg® was fully oxidized when adsorbed on a
bare CeO,(111) surface.

Bader charge analysis was also conducted on bulk CeO,
and Ce,03 to determine the oxidation states of Ce atoms
after Hg adsorption. The resulting charge was 8.71 e and

(a)

8.80 € for CeO, (Ce*") and Ce O3 (Ce*™), respectively
(Table 2). This charge value was within the range of 8.71—
8.80 e after Hg adsorption, which suggested the partial
reduction of Ce*". The valance further approached the
reduction state (Ce*") at the adsorption sites of Cet, Ceb,
Ob, and &, which indicated a strong Ce**/Ce** reduction
process during Hg adsorption. The same conclusion was
obtained from the charge density difference between the
adsorbate system and the isolated molecule slab induced
by the adsorption of Hg® on CeO,(111). As shown in Fig.
3, the interaction between the adatom Hg and the surface
oxygen was much stronger than the Ce—O interactions.
This interaction became more evident when compared to
that of the bare CeO,(111) before Hg’ adsorption
(Fig. 3(b)). Therefore, it was concluded that the reduction
of Ce*" to Ce** on CeO,(111) activated the surface oxygen
atoms to chemically adsorb and oxidize Hg°. The
advantage of using CeO, as a catalyst was illuminated
when the calculated Hg adsorption energies were com-
pared to those on other substrates such as Au(l11),
MnO,(110), and a-Fe,O3(1102) [19-22]. The minimum
adsorption energies of Hg on Au(111), MnO,(110), and o-
Fe,0;3(1102) were —9.93, —78.32, and —41.84 kJ/mol,
respectively, which were much higher than the adsorption
energy on CeO,(111). CeO,(111) showed excellent Hg®
adsorption capability because of its highly active and
oxygen-terminated surface as a result of the Ce*t/Ce*"
reduction, which enabled spontaneous Hg oxidation.

Fig. 2 Most stable configuration of Hg-adsorbed CeO,(111): (a) top and (b) side views. Gary, yellow, and red spheres represent Hg, Ce,
and O atoms, respectively. Active sites Cel, Ce2, O1, 02, O3, and O4 are labeled
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Fig. 3 Charge density difference for (a) Hg adsorption at the O-hollow site and (b) bare CeO,(111). Red and blue colors represent charge

accumulation and depletion, accordingly

Table 2 Calculated Bader charges of Hg, Ce, and O in various

compounds and configurations

Compounds/Configurations Hg (e) Ce (e) O (e)
Hg (g) 11.96

HgO (g) 11.60

HgCl (2) 11.57

HgCl, (g) 11.24

CeO; (s) 8.71 7.14
Cey05 (5) 8.80 7.45
Ce-top” 11.96 8.73 7.12
Ce-bridge® 11.96 8.71 7.13
O-top” 11.95 8.72 7.13
O-bridge” 11.95 8.73 7.12
O-hollow” 11.95 8.72 7.11
Ce-top®” 11.23 8.80 7.25
Ce-bridge® 11.24 8.77 7.22
O-top® 11.63 8.75 7.19
O-bridge” 11.24 8.78 7.22
O-hollow™ 11.25 8.78 722

Notes: a) Hg/CeO»(111) Ce-5525p°6s25d'4f'; b) Hg/CeO,(111) Ce-6s25d"4f!

Based on these conclusions, which were consistent with
experimental results, the valence electron configuration of
6s*5d"'4f" was used for subsequent calculations.

3.2 Effects of HCl on Hg adsorption and oxidation on
CeO,(111)

HCl is the predominant flue gas species that promotes Hg®
oxidation on CeO,-based catalysts because the main
oxidized mercury species in coal combustion flue gas
exists as HgCl,. However, the prohibitive effect of HCI
was also observed on the CeO,—TiO, sorbent [11]. The

mechanism of HCI in Hg° oxidation on CeO,-based
catalysts is complicated and poorly understood. We
investigated the HCI adsorption and oxidation behavior
on Hg-adsorbed CeO,(111). The adatom Hg at an O-
hollow site was chosen as the substrate for HCI adsorption,
and two HCI molecules were placed at various adsorption
sites. There were six stable adsorption configurations (Fig.
4), and the initial adsorption sites in each configuration for
two HCI molecules were O102-top, O304-top, O3-top,
0O4-top, CelCe2-top, and CeHg-top. The oxygen and
cerium atoms are labeled in Fig. 2(a). HCI dissociation
occurred at the active sites of O102-top, O304-top, O3-
top, O4-top, and CelCe2-top. In these configurations, H
atoms from dissociated HCI were adsorbed by the nearest
O atoms on the CeO, surface to form H-O or H-O-H
groups with H-O bond lengths of approximately 1.0 A
(Fig. 4). Simultaneously, the dissociated Cl atoms bonded
to adatom Hg in adsorbed Hg—Cl or CI-Hg—Cl groups with
Hg-Cl bond lengths that ranged from 2.31 to 2.93 A.
These adsorbed Hg—Cl and CI-Hg—Cl groups remained
bonded to 1-3 surface oxygen atoms, which resulted in
various bond lengths (Fig. 4). In contrast to bare Hg
adsorption, the Hg—O bonds were typically lengthened
after the adsorption of Cl atoms and indicated weaker
interactions between the Cl-Hg—CI groups and CeO,(111).
These weaker interactions promoted the desorption process
that led to the oxidation of Hg to HgCl,. Our calculations
showed that Hg was fully oxidized by the surface oxygen
on CeO,. However, this process consumed active surface
oxygen and led to catalyst deactivation if the oxidized Hg
was not removed from the catalyst surface in the gas phase.
As shown in Fig. 2(b), the adatom Hg bonded with three
nearby oxygens, which made it extremely difficult to
desorb the oxidized Hg in the form of HgO. It was much
easier to desorb the Cl-Hg—Cl groups from CeO,(111)
while maintaining the population of active surface oxygen,
and the activity of CeO, catalyst was recovered. In the case



6 Front. Environ. Sci. Eng. 2018, 12(2): 11

237 Toos 099 099

0\

(a) O102-top

?2.23
Q 2. 513

Q Mr
A ]

(d) O4-top

M2

42

!

o

“'Tf"f degge

etk

(e) CelCe2-top

(c) O3-top

1
Il 1.28

th 02
If1.28

1
1403
1

2
0.87

2 25‘Fla 225
o

<o

() CeHg-top

Fig. 4 Side views of the optimized configurations of two HCI on the Hg-adsorbed CeO,(111): (a) O102-top, (b) O304-top, (c) O3-top,

(d) O4-top, (e) CelCe2-top, (f) CeHg-top

Table3 Adsorption energies (E,q4s) of two HCl molecules on Hg-adsorbed CeO,(111), and the calculated Bader charges of Hg, H, Cl, and O (bonded

with H) in various compounds and configurations

Compounds E.qs (kJ/mol) Hg (e) HI (e) H2 (e) ClII (e) CI2 (e) O (e)
HgCl (g) 11.57 7.38

HgCl, (g) 11.24 7.35 7.35

HCI (g) 0.67 7.30

H,0 (g) 0.12 0.12 7.73
0102-top” —413.63 11.23 0.34 0.33 7.42 7.43 7.45
0304-top” —419.86 11.19 0.31 0.35 7.46 7.45 7.48
03-top” —277.50 11.04 0.38 0.38 7.43 7.43 7.35
04-top” —430.18 11.20 0.31 0.37 7.36 7.72 7.41
CelCe2-top” —281.68 11.22 0.65 0.42 7.33 7.40 7.37
CeHg-top” —26.95 11.24 0.73 0.73 7.25 7.26

Notes: a) 2HCI/Hg/CeO,

of the CeHg-top, HCI molecules were physically adsorbed
on the top of Ce and Hg. However, the calculated
adsorption energies listed in Table 3 showed that this
physical adsorption was not stable. As a result, the active
surface oxygen determined HCI dissociation and promoted
the formation of Hg—Cl or CI-Hg—Cl groups.

The charge transfer during HCl adsorption on Hg-
absorbed CeO,(111) was evaluated by Bader charge
analysis and charge density difference. The H and CI
atom labels from Fig. 4 are maintained in the subsequent
discussion. The calculated Bader charges of each species
of HgCl, HgCl,, HCI, and H,O were used as a baseline to
evaluate the oxidation states of Hg, Cl, and H (Table 3).
Bader charge analysis of Hg and Cl showed that a

significant charge transfer occurred after HCl adsorption
due to the strong interaction between Hg and Cl atoms. A
similar conclusion was deduced from the profound charge
accumulation between Hg and Cl (Fig. 5). The calculated
Bader charge of H adsorbed on surface oxygen was
approximately 0.35 e, which was in the range of the charge
between HCI and H,O and indicated a relatively strong
interaction. Two hydrogens were bonded to one surface
oxygen in the case of the O3-top with a H-O—H angle of
about 100°, which was similar to that in a H,O molecule
(Fig. 5(c)). However, the charge distribution of this H-O—
H group was different from isolated H,O, and this group
was still chemically adsorbed on the CeO, surface. The
Bader charges of H and Cl for HCl physisorption in
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Fig. 5 Charge density difference for two HCI adsorptions on Hg-adsorbed CeO,(111): (a) O102-top, (b) O304-top, (c) O3-top, (d) O4-

top. The isosurfaces were calculated at 0.05 bohr 3

CelCe2-top and CeHg-top were the same as those in an
isolated HCI molecule.

3.3 Hg’ oxidation mechanism and efficiency on CeO,(111)

The active surface oxygen resulting from Ce*™/Ce*"
reduction determined the Hg® adsorption and oxidation
on CeO,(111). Bader charge analyses also revealed that
Hg’ was fully oxidized without other oxidizing agents,
which was plausibly consistent with the experimental
results [9—11]. Our simulation temperature of these surface
reactions was at 0 K; therefore, the barrier energy of Hg’
adsorption and oxidation on CeO,(111) was extremely
low. This eliminated the need for other catalysts to promote
this procedure. HCl was a highly efficient agent for Hg"
removal on CeO,-based catalysts [10]. Our simulation
results demonstrated that HCI easily dissociated and
reacted with the Hg adatom on CeO,(111) to form Hg—
Cl or Cl-Hg—Cl surface adsorbed groups. The oxidation
state of Hg was maintained during this reaction. HCI
absorption decreased the bonding energy between oxidized
Hg and CeO,(111) to allow facile desorption of Hg—Cl or
Cl-Hg—Cl groups as HgCl or HgCl, molecules, respec-
tively, above 200°C. Ce** was simultaneously oxidized
back to Ce**. The removal of oxidized Hg bonded to three
nearby O atoms without HCI was difficult, which led to the
consumption of surface oxygen and deactivation of the
CeO, catalyst. Rather than Hg oxidation as proposed in
theoretical work with other catalysts [19-22], HCI

facilitated the release of oxidized Hg ions and restored
active surface oxygen for further Hg? oxidation in the case
of CeO,.

In addition to HCI, H,S was also reported as an effective
syngas for Hg° removal at a low temperature [11]. H,S can
react with surface oxygen on CeO, to generate active
surface sulfur, which can then react with Hg® to form HgS.
The interactions between CeO, and adsorbed active sulfur
were weaker than those between CeO, and active surface
oxygen; hence, HgS removal was facile and occurred at
temperatures as low as 150°C. Therefore, oxidized Hg
desorption was one of the rate-determining steps of Hg’
removal from CeQO,-based catalysts.

Additionally, HCI prohibited Hg removal from CeO,-
based catalysts. This effect was easily rationalized from
our simulated results. As shown in Fig. 4, hydrogen from
the dissociated HCl bonded with the surface oxygen to
form O—H or H-O-H groups. These groups deactivated the
surface oxygen and resulted in lower Hg’ removal
efficiency. The H-O-H groups were desorbed as H,O
and caused irreversible loss of active surface oxygen.
However, the addition of gas-phase O, compensated for
surface oxygen consumption. It was reported that the Hg°
removal efficiency reached as high as 100% when 4% O,
and 10 ppm HCIl were added to the flue gas [9]. The
presence of O, replenished the consumed active surface
oxygen to maintain a high surface concentration. The
methods used to maintaining the high concentrations of
surface oxygen are critical to the Hg removal reaction.
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4 Conclusions

A first-principles method was used to investigate the Hg®
adsorption and oxidation mechanism on CeO,(111).
Active surface oxygen was provided by Ce** reduction
to Ce*" and was essential for Hg® adsorption and oxidation
on the CeO, surface. Hg’ was fully oxidized and
chemically adsorbed on CeO,(111) without the use of
additional oxidizing agents. This result was plausibly
consistent with the experimental observations. The adsorp-
tion of HCl molecules promoted the desorption of oxidized
Hg from CeO,(111) in the form of HgCl, and restored
active surface oxygen for further Hg® oxidation. By
contrast, the O-H and H-O-H groups formed during
HCI adsorption consumed the active surface oxygen and
prohibited Hg adsorption. Gas-phase O, successfully
replenished the consumed surface oxygen on CeO,. The
desorption of oxidized Hg and the maintenance of
sufficient active surface oxygen were the rate-determining
steps of Hg’ removal from CeO,-based catalysts. We
provided a thorough mechanistic understanding to enhance
the development of novel CeO,-based catalysts and
removal efficiency of Hg".
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