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GRAPHICAL ABSTRACT

ABSTRACT

Mo03-CeO,/cylindrical activated coke samples (MoCeY/AC) synthesized by an impregnation method were
employed to investigate elemental mercury (Hg®) removal at 60-210 °C from simulated flue gas without HCL
MoCe0.5/AC with an optimal Mo,/Ce molar ratio of 0.5 exhibited an excellent Hg® removal efficiency (94.74%)
at 120 °C, as well as good stability and prominent resistance to SO, and H,O. The physicochemical property of
the samples and the Hg® removal mechanism were discussed by ICP-AES, SEM, EDX, BET, XRD, H,-TPR, XPS and
Hg-TPD. The results of characterizations showed that MoCe0.5/AC possessed the special petal-like outer mi-
crostructure, large BET surface area, well-dispersed metal oxides and high reducibility, which was conducive for
Hg® removal. Furthermore, the synergistic effect between Mo® " and Ce®* was favorable to the high Hg® removal
performance by providing high valence Ce. According to the Hg-TPD tests, the chemisorption of Hg® was a major
approach for Hg® removal, while physisorption and catalytic oxidation were just accounted for a tiny fraction.
Moreover, the chemisorbed mercury could be validly distinguished into weakly-HgO, strongly-HgO, O,-HgO and
HgSO, (when SO, was added). Compared with raw AC, MoCe0.5/AC could enhance the Hg® oxidation perfor-
mance and produce O,-HgO during the Hg® removal process. In addition, the possible reason for the high SO,
tolerance of MoCe0.5/AC was examined: (i) the preferential combination between sulfate and MoOs could
protect CeO, for Hg® removal; (ii) SO, could contribute to the formations of weakly-HgO and HgSO,. Finally, the
regenerability of MoCe0.5/AC was also discussed.
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1. Introduction

The release of mercury has become a global concern for its toxicity,
long-range transport and bioaccumulation in the food chain and the
environment [1]. To protect the creature health and the environment
from worldwide anthropogenic mercury releases, 128 countries have
signed the Minamata Convention on Mercury in 2013 [2]. Therein, coal
combustion, a major energy source on this planet, is considered as one
of the largest contributors to anthropogenic mercury releases [3-5].
Mercury in coal-fired flue gas generally exists in the form of particulate-
bound mercury (Hg"), oxidized mercury (Hg?") and elemental mercury
(Hg®) [6]. Hg” and Hg>" can be effectively controlled by existing air
pollution control devices, whereas Hg® cannot because of its high vo-
latility and low solubility [7]. Hence, developing effective and eco-
nomical technology for removing Hg® from flue gas is of significance in
practical industry.

Various technologies have been developed for Hg’ removal, in-
cluding adsorption [8], catalytic oxidation [9,10] and photochemical
oxidation [11]. Among them, adsorption is the most common one in
industry, especially the activated carbon injection (ACI) technology
[12]. However, activated carbon as traditional mercury sorbent has
limitations for its high-cost, poor efficiency and low regeneration rate
[13]. Therefore, new sorbents have been explored for Hg® removal on a
fixed-bed reactor, including activated coke [14,15], biochar [8], gra-
phene [16] and others [17-19]. Hereinto, activated coke (AC), a porous
carbon-based adsorbent with partly activation, is regarded as a pro-
mising one. The feasibility comes from its abundant surface functional
groups, higher mechanical strength, better regeneration performance
and higher economic benefits [20,21]. Nevertheless, Hg® removal per-
formance of raw AC is commonly confined by its limited surface active
sites and the unavoidable components in realistic coal-fired flue gas
[22,23]. In particular, water vapor always inhibits the Hg removal for
the competitive adsorption with Hgo [24]. Moreover, SO, could not
only compete with Hg® for the surface active sites but also restrain the
Hg® oxidation by reacting with active components [25]. Thus further
efforts are needed to improve the H,O and SO, resistance and Hg° re-
moval efficiency of activated coke sorbent simultaneously.

It is reported that modification of raw AC is conducive to effective
removal of SO, [21], NO, [26], Hg° [14] and VOCs [27]. In the pre-
vious studies, to enhance the Hg® removal performance, the raw AC has
been suitable chemical modified by acid [23,28], metal oxides [15,22]
or/and halogen [29]. In view of the secondary contamination and the
high price by acid and halogen [30,31], the one modified by metal
oxides has received more attention due to the low-cost and environ-
mental friendliness. Because of their various valence states and high
chemical stability, transition metal oxides such as CuO [15], CeO5 [22],
Co05-Ce0,, [13], Lay,03-CeO, [14], MnO,-FeO, [27] and others have
been widely recognized as promising materials for Hg® removal [32].
However, as another crucial parameter for industrial application, the
SO, tolerance of the modified AC in the previous studies is desired to
improve, and the mechanism is fuzzy.

The CeO,-based catalyst, with unique redox couple Ce®** /Ce** and
high catalytic activity, is well-established use in various heterogeneous
reactions and has a great application prospect [33,34]. However, the
SO, tolerance of CeO, modified AC sorbents were not good enough
[20,22]. According to reports [35,36], SO, could easily react with CeO,
and produce Ce,(SO4); and/or Ce(SO,4),, which would interdict the
shift between Ce** and Ce®”, thus restrain the Hg® removal. In con-
trast, several studies have revealed that using MoO3 as a promoter or
stabilizer for materials would acquire higher catalytic activity and
stability, including the SO, resistance [24,37-39]. For example, Li et al.
[24] reported that both the Hg® oxidation activity and the SO tolerance
were enhanced after Mo had been added into CoO,/Ti-Ce catalyst.
Kwon et al. [38] also confirmed that the SO, resistance of Mo-doped
VO,/TiO, catalyst was increased, as the reaction between V=0 and
SO, was inhibited by high Mo®*/Mo®* ratio. Hence, using bimetallic
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Mo and Ce to modified AC (MoCeY/AC) might inherit the high Hg®
removal performance of CeO, and the SO, tolerance of MoOs si-
multaneously. Moreover, to our knowledge, using MoCeY/AC for the
removal of Hg® in the presence of SO, has rarely been reported.

Herein, MoCeY/AC samples synthesized by the impregnation
method were studied for the Hg® removal in a fixed-bed reaction
system. The structure and surface property of the samples were char-
acterized using SEM, EDX, BET, XRD, H,-TPR and XPS. Some influence
factors, such as Mo/Ce molar ratio, reaction temperature and flue gas
components (O, NO, SO, and H,0), were investigated. Moreover, the
possible Hg® removal mechanism was reasonably deduced by Hg-tem-
perature-programmed desorption (Hg-TPD) technique. As we all know,
Hg-TPD is an efficient method to simultaneous identify multiple ad-
sorbed mercury compounds clearly and without interference [40,41].
Because the adsorbed mercury species, owning different interaction
force between the mercury and the active sites, can be decomposed into
Hg® at their characteristic decomposition temperature [16,42]. Besides,
the reasons for the high SO, resistance and regeneration performance of
the MoCe0.5/AC were also discussed, which has been few reported on
the modified AC sorbents before.

2. Experiment
2.1. Samples preparation

The samples were synthesized by the impregnation method.
Cylinder commercial activated coke granule (AC, diameter = 5mm,
length = 5-8 mm, Alxa League Ke’xing Carbon Industry, China) was
served as the support. The virgin AC was repeatedly washed by deio-
nized (DI) water, and then was desiccated at 105 °C for 12 h in air. Mo/
AC was prepared by impregnating AC with a calculated amount of
ammonium molybdate ((NH4)sMo,0,44H,0) aqueous solution at room
temperature for 24 h, then dried at 105 °C for 12 h in air, and followed
by calcining at 500 °C for 4 h under pure N, flow. Similarly, Ce/AC was
obtained using the same method, while the precursor was replaced by
cerium nitrate (Ce(NO3)36H,0). MoCeY/AC samples with different
Mo/Ce molar ratio (denoted as Y = 0.2, 0.5, 1, 1.5) were made by
impregnating Mo/AC with cerium nitrate aqueous solution for 24 h,
then desiccated at 105 °C for 12 h in air and calcined at 500 °C for 4 h in
N,. Considering the effectivity and economy, the total metal mass
percentage (Mo and/or Ce) on modified AC sample was selected as 5 wt
%.

2.2. Samples characterization

The metal contents of modified samples were characterized by an
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES,
SPECTRO BLUE SOP, Germany).

The surface morphology of materials was analyzed by the scanning
electron microscope (SEM, TESCAN MIRA3 LMU, China), and the en-
ergy-dispersive X-ray spectroscopy (EDX, Oxford X-Max20 EDX
Detector, UK) was utilized to local analysis the elemental composition
at certain part of sample.

The Brunauer-Emmett-Teller (BET) specific surface area and total
pore volume of the materials were obtained using a Quadrasorb SI-3MP
(USA) instrument by N, adsorption at 77 K. The mesopore volume and
micropore volume was determined by Barrett-Joyner-Halenda model
and t-plot theory, respectively.

The X-ray diffraction (XRD) patterns were performed on a Riguku
D/Max 2550 (Rigaku Corporation, Japan) diffractometer which oper-
ated at 40 kV and 250 mA using Cu Ka radiation.

The H,-temperature-programmed reduction (H,-TPR) was carried
out on an AutoChem 2920 (China) automated adsorption analyzer
equipped with a TCD detector. All of the tested samples were pretreated
under N, flow at 300 °C for 30 min.

The X-ray photoelectron spectroscopy (XPS) measurements were
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Fig. 1. Schematic diagram of the experimental setup.

carried out on a Thermo K-Alpha 1063 spectrometer (Thermo Fisher
Scientific, UK) while calibrated by the C 1s binding energy (BE) value of
284.6€V. A spent MoCe0.5/AC sample treated after 52h of Hg° re-
moval under 6% O, 400 ppm of SO, (when used) and balanced by N,
with a total flow rate of 500 mL/min at 120 °C.

2.3. Performance tests

Hg° oxidation and removal performance of the samples were eval-
uated in a fixed-bed quartz reactor (inner diameter = 52 mm,
length = 870 mm), and the reaction temperature was controlled by a
temperature controller. As shown in Fig. 1, the conventional gas com-
ponents, such as N,, O,, CO,, NO and SO,, were offered by cylinders
and exactly controlled by mass flow controllers (MFC). In addition,
8vol% H,O vapor was introduced using a peristaltic pump and eva-
porated with a heating tape. Hg® vapor was provided by a heated
mercury permeation tube (VICI Metronics, USA) with 100 mL/min high
purity Ny (99.999%) as the carrier gas, and the concentration of Hg®
was measured by online mercury analyzer (LUMEX RA-915 M, Russia).
However, the RA-915 M analyzer could only measure the concentration
of Hg® such as the inlet Hg® concentration (H g?n) and the outlet Hg®
concentration (H ggm). Hence, a mercury speciation conversion system
was added to calculate the outlet ngJr concentration (H gi;ft) and
identify the Hg® oxidation performance. Within the conversion system,
10% KCI solution could capture Hg?* for Hg® measurement, and 10%
SnCl, solution could reduce Hg>* to Hg® for outlet total Hg® mea-
surement (Hgfu[). The difference of the Hg0 concentration between
them was calculated as H gi:t Besides, 10% NaOH solution was set to
remove acid gas, which could react with SnCl, solution and corrode the
detection cell of the mercury analyzer. From the above, the Hg® re-
moval efficiency (E.n), Hg® oxidation efficiency (E,.) and Hg® ad-
sorption efficiency (E,4s including physisorption and chemisorption)
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Fig. 2. Schematic diagram of the experimental de-
sign.

were defined in Egs. (1)-(3):

0 0
Hgin — Hgout
0

Erem (%) = x 100%
in (1)
H 2+ H T _ H; 0
Eowi (%) = g‘"g X 100% = —oou 5 Sout ¢ 100%
in Hgin (2)
Eads (%) = Erem - oni (3)

Schematic diagram of the experimental design was showed in Fig. 2,
and the corresponding reaction conditions were explained as follow.
The total gas flow rate during the whole experiment was adjusted at
500 mL/min. For the Hg® removal test, 20 g fresh sample was employed
to remove 100 ug/m> Hg® for 3h, giving a gas hourly space velocity
(GHSV) of 2000 h ™. To discuss the effects of Mo/Ce molar ratio and
reaction temperature, the gas component was 6% O, + N, and the
range of temperature was 60-210 °C. The effects of gas components
were explored by changing the contents of O,, NO, SO, and H»O.

However, for the Hg-TPD test, the content of adsorption mercury
over the used sorbents should be increased to reduce the experimental
errors. Thus, the reaction conditions of Hg® removal before the Hg-TPD
test were changed as follows: 10 g fresh sample was employed to re-
move 200 pg/m> Hg® for 5h under 400 ppm of SO, (when used), 6% O,
(when used) and balanced N, flow, corresponding to the GHSV of
4000h~. Then, the resultant sorbents from Hg® removal test were
examined in the Hg-TPD test. The temperature of Hg-TPD test was
maintained at 150 °C in the initial 10 min to detect physically adsorbed
Hgo [42], and then was warmed up to 700 °C with 10 °C/min heating
rate to decompose the chemisorbed mercury species into Hg®. Mean-
while, the Hg® was carried out by 500 mL/min pure N, flow, and the
Hg-TPD curve appeared on the online mercury measurement system.
Theoretically, the mass of Hg® adsorption (Qqgs, ug) during the Hg®
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removal test should equal to that of Hg® desorption (Qp, ug) from Hg-
TPD test. Moreover, the difference between the mass of Hg® removal
(Qg, 1g) and Hg0 oxidation (Q,yi, 1g) Was equivalent to Q4. Therefore,
the mercury mass balance ratio (By,, %) could be calculated by the
following formula:

t 0
Qp '/f;z Hgyppfdt
By = —2— x 100% = ——————° —
Qr — Qoxi ‘/;1 (Hg, — Hg, )fdt — Egy j;l Hg? fdt
X 100% “@

where f and ¢, present the initial and end time of the Hg0 removal test
(min), respectively; t/ and ¢, for decomposition process. H g(;PD re-
presents the outlet Hg® concentration of Hg-TPD test. f is the total flow
rate constant as 500 mL/min. The Hg® oxidation during the Hg° re-
moval test is considered stable.

After calculation, the By, for the Hg° removal and desorption pro-
cesses was close to 100%, meaning that almost all of the adsorbed
mercury had been decomposed from the used sample. Therefore, the
Hg-TPD test was considered as the effective process for sorbent re-
generation [16]. Besides, the effects of regeneration times and SO, for
the regeneration performance were also researched.

2.4. Quality assurance and quality control

For each test, the desired Hg? had been stabilized for at least 1h
and Hg? was recorded after the variation of Hg® concentration less
than 5% for longer than 1 h. All of the tests were carried out three or
more replicates to reproduce the results and reduce experimental error,
and a blank test was performed to avoid any influence of the reactor.
Besides, the error bars in the figures represented the standard deviation
from the mean of the series of experiments at each condition. The in-
significant deviations might owe the fluctuation of inlet Hg® con-
centration and sorbent bed reaction temperature [19].

3. Results and discussion
3.1. Structural characterization and redox properties

3.1.1. ICP-AES

The contents of molybdenum and ceria over the modified samples
and the Mo/Ce molar ratio were obtained by ICP-AES. As demonstrated
in Table 1, the practical metal loading value was slightly lower than the
nominal one, which might be ascribed to the loss of molybdenum
precursor and ceria precursor during the preparation [43]. However,
the actual Mo/Ce molar ratio was nearly equivalent to the theoretical
value, displaying that the preparation method was feasible.

3.1.2. SEM and EDX

The SEM images of as-prepared samples were presented in
Fig. 3(a)-(g). Compared with the smooth surface of raw AC, the surface
of Mo/AC possessed the circular-plate-like morphology and its ag-
glomeration, while little granules were obtained over the Ce/AC. Par-
ticularly, a well-dispersed spherical morphology with petal-like outer

Table 1
The content of metal in samples obtained by ICP-AES.

Sample Mo content (wt%) Ce content (wt%) Mo/Ce molar ratio
Nominal Actual Nominal Actual Nominal  Actual
Mo/AC 5.00 3.46 - - - -
Ce/AC - - 5.00 4.50 - -
MoCe0.2/AC  0.60 0.44 4.40 4.07 0.20 0.16
MoCe0.5/AC 1.28 1.11 3.72 3.09 0.50 0.52
MoCel/AC 2.03 1.72 2.97 2.39 1.00 1.05
MoCel.5/AC  2.53 1.96 2.47 1.95 1.50 1.47
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appeared over the MoCe0.5/AC, which might be favorable for Hg®
capture by contributing a vast of active sites and high BET surface area
[27]. With continued increase of Mo, the surface morphology of
MoCel/AC and MoCel.5/AC was transformed into square-plate-like
form, even agglomerated over MoCel.5/AC. Moreover, the EDX was
used to rough detect the elemental composition of the specific mor-
phology on MoCe0.5/AC, where the detecting point was signed on
Fig. 3(e) as “Spectrum”. For the result of EDX (Fig. 3(h)), the Mo/Ce
atomic ratio of the specific morphology on MoCe0.5/AC was 1.79,
which was triple more than that of the whole MoCe0.5/AC as 0.52
(Table 1). These results indicated that the mainly metal of the ag-
glomeration on MoCe0.5/AC was Mo, namely MoO, was easier to ag-
glomerate than CeO.

3.1.3. BET

The BET results of the different samples were summarized in
Table 2. For MoCeY/AC sample, when the content of loaded Mo was
increased, both of the BET surface area and the content of micropore
were reduced. In addition, the two counterparts of Mo/AC sharply
decreased to 42.04 m?/g and 42.89%, which were much lower than AC.
In addition, the reduction of the micropore was also described in Fig. 4,
and the pore size distribution of the different samples was approxi-
mately 0.7 nm and 4 nm. These results suggested that the easily ag-
glomerating MoO5 could reduce the BET surface area by blockade the
partial pores. However, MoCe0.2/AC and MoCe0.5/AC showed the
superior BET surface area of 245.03 m?/g and 223.43 m?/g, even higher
than Ce/AC. It is probable the synergistic effect between Mo and Ce
oxide species was beneficial to a larger BET surface area. It is a widely
held view that the larger BET surface area of the sorbent, the more
active sites and larger adsorbed interface it possessed, which was con-
ducive for Hg® removal [44]. Thus, it was necessary to investigate an
appropriate Mo/Ce molar ratio for high Hg® removal performance.

3.1.4. XRD

The XRD patterns of AC and modified samples were shown in Fig. 5.
Two typical AC peaks (26 = 26.68° and 44.50°, PDF-ICDD 25-0284)
were detected over all of the samples. However, the weakened intensity
of the AC peaks for the modified samples might reveal an interaction
between metal oxides and carbon [14], which was also observed in SEM
and BET. The diffraction peaks at 20 = 26.06°, 28.84°, 36.98° and
53.56° in Mo/AC were assigned to MoO3 (PDF-ICDD 65-7675), and the
peaks at 26 = 28.62°, 33.05°, 47.51° and 56.33° in Ce/AC were attrib-
uted to CeO, (PDF-ICDD 65-5923). In addition, both of MoO;
(26 = 28.84°) and CeO, diffraction peaks (26 = 47.51° and 56.33°)
existed in the MoCeY/AC. Furthermore, the intensity of the CeO, peaks
was decreased and even disappeared with the gradually falling CeO,
content, which conformed to the monolayer dispersion theory [45].

3.1.5. H,-TPR

Reducibility of the different samples was investigated by H,-TPR
(Fig. 6). For the AC, the peak at 530 °C could be proposed to the re-
duction of surface oxygen species, and the peak at 672 °C accorded with
the carbon gasification which also appeared in the modified samples
[46]. Mo/AC exhibits two new reduction peaks, the peak centered at
546 °C represented the reduction of MoO3; to MoO,, while the 768 °C
one corresponded to the reduction of MoO, to Mo metal [47]. For the
Ce/AC, the reduction peak at 563 °C could be attributed to the reduc-
tion of surface Ce** to Ce®**, and the peak at 734 °C was assigned to the
bulk oxygen [28]. However, the reduction peaks centering at 553 °C
and 720 °C of MoCe0.5/AC were hard to separate furtherly. The former
one might be due to the co-reduction of MoO3 and surface Ce**, while
the latter one ascribed to the co-reduction of MoO, and bulk oxygen.
The reduction peaks shifted to lower temperature indicate the higher
reducibility MoCe0.5/AC owns, which caused by the mobility of active
oxygen species enhanced from the interaction between Mo and Ce
oxides [48].
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Fig. 3. (a)—(g) SEM images (x10,000), (a) AC, (b) Mo/AC, (c) Ce/AC, (d) MoCe0.2/AC, (e) MoCe0.5/AC, (f) MoCel/AC, (g) MoCel.5/AC; (h) EDX image of the
MoCe0.5/AC.

Table 2

BET surface and pore parameters of the different samples.
Sample BET surface area (m?/g) Average diameter (nm) Total pore volume (x 10~ %cm?/g) Pore volume distribution (%)

Micropore Mesopore

AC 96.52 2.468 5.954 67.25 32.75
Mo/AC 42.04 3.635 3.821 42.89 57.01
Ce/AC 183.29 2.027 9.290 81.91 18.19
MoCe0.2/AC 245.03 1.800 11.02 88.18 11.82
MoCe0.5/AC 223.43 1.913 10.68 84.08 15.92
MoCel/AC 176.78 2.040 9.133 80.42 19.58
MoCel.5/AC 154.59 2.067 7.745 81.70 18.30
S-MoCe0.5/AC 200.12 2.018 10.10 79.63 20.37
0S-MoCe0.5/AC 128.59 2.200 7.075 73.48 26.52

Note: “S-MoCe0.5/AC” was MoCe0.5/AC pretreated by 400 ppm SO, + N, with 500 mL/min flow rate at 120 °C for 3 h; “OS-MoCe0.5/AC” was pretreated by
400 ppm SO, + 6% O, + No.
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Fig. 4. The pore size distribution curves of the different samples.

Fig. 5. XRD patterns of various samples.

Fig. 6. H,-TPR profiles of fresh AC, Mo/AC, Ce/AC and MoCe0.5/AC.

3.2. Sample performance test

The Hg® removal performance of various samples at 60-210 °C was
investigated. As shown in Fig. 7, E,., over all of the samples were ob-
viously improved with rising of the reaction temperature from 60 °C to
120 °C. It might be a result of that more kinetic energy was provided by
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Fig. 7. Removal of Hg® over various samples. (Note: reaction time 3 h, 100 ug/
m> Hg®, 6% O,, 20 g sample, GHSV 2000 h ™ 1).

the higher temperature, which was beneficial to Hg® oxidation and
adsorption [49]. However, E,.,, reduced with continuously increasing of
the temperature to 210 °C. The possible reason was that the physi-
sorption of Hg® which combined with the surface of sorbent by weak
wan der Waals forces was inhibited as the thermal energy enhanced,
thereby the following Hg® oxidation and chemisorption were sup-
pressed as well [15,29].

Under the given temperature, the order of Hg® removal activity for
different samples was similar to that of the BET surface area (Table 2),
deducing that the BET surface area might play a role in the Hg® re-
moval. However, it was not exactly the same. For example, Mo/AC with
the lowest BET surface area had higher E,, than AC. These results
revealed that other factors, such as the microstructure and the Mo/Ce
molar ratio, could influence Hg® removal performance of sample as
well. Specifically, E,.,, over MoCeY/AC samples firstly enhanced and
then reduced as increasing the Mo/Ce molar ratio, and MoCe0.5/AC
exhibited the highest E,,, reaching 94.74% at 120 °C.

From the above, the optimum sample MoCe0.5/AC possessed the
special microstructure (Fig. 3(e)), large BET surface area (Table 2),
well-dispersed metal oxides (Fig. 5) and high reducibility (Fig. 6),
which was supported by the results of SEM, BET, XRD and H,-TPR.
These superior physicochemical characteristics could provide abundant
active sites and large interface for Hg® adsorption, thus revealed the
high Hg® removal performance [27,50]. Moreover, the performance of
MoCe0.5/AC and MoCe0.2/AC was higher than that of Mo/AC and Ce/
AC, implying that the synergistic effect between Mo and Ce oxide
species was beneficial to Hg® removal. On the one hand, coexistence of
Mo and Ce oxides could improve the microstructure and BET surface
area. On the other hand, the metal oxides could reveal a higher re-
ducibility and a large amount of surface active oxygen for Hg® removal.
The mechanism of Hg® removal over MoCe0.5/AC should be further
evidenced by mercury speciation conversion system, XPS, Hg-TPD and
other else as follows.

3.3. Effects of gas components

Effects of gas components on Hg® oxidation and adsorption over
MoCe0.5/AC were summarized in Fig. 8, in which simulated flue gas
(SFG) was comprised by 6% O, 12% CO,, 350 ppm of NO and 400 ppm
of SO, balanced in N». The error bars in Fig. 8 represented the standard
deviation from the mean of E,; and Eg,, respectively. Overall, the Hg®
oxidation efficiency of MoCe0.5/AC was less than 10% whatever the
reaction gas components were. Thus, Hg® adsorption was the critical
factor for Hg® removal.
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Fig. 8. The effects of gas components on Hg removal over MoCe0.5/AC at
120°C. (Note: reaction time 3h, 100ug/m® Hg’ SFG = 6% O, + 12%
CO, + 350 ppm NO + 400 ppm SO, + Nj, 20 g sample, GHSV 2000 h™1).

3.3.1. Effect of O,

As a control group, E4 was 87.46% and E,,; was 0.95% for
MoCe0.5/AC at 120 °C under pure N, gas flow. The Hg® oxidation
without O, might be attributed to the interaction between the adsorbed
mercury and the limited surface active oxygen [18]. After 6% O, was
added, E,4; was 88.27% and E,,; obviously elevated to 6.47%. With the
content of O, further rising to 12%, E,4, reduced to 86.69% while E,,;
increased to 9.92%. The cause of the reduction of E.4 was likely that a
part of adsorbed mercury was oxidized into Hg®* and then released
into the gas, which was verified by the enhancement of E,,;. Besides, the
increase of E,,; might also be caused by that the consumed lattice
oxygen and chemisorbed oxygen could be regenerated by gas-phase
oxygen during the Hg® removal process [50]. It indicated that O, was
beneficial to Hg® removal and participated in the adsorption and oxi-
dation of Hg®.

3.3.2. Effect of NO

NO revealed the positive impact for Hg® removal regardless of with
or without O,. When 350 ppm and 700 ppm of NO presented, 94.78%
and 95.23% of E,4 and 3.02% and 3.74% of E,,; were reached, re-
spectively. It might stem from that the potentiation of NOy, formed
from the oxidation of NO, might overmatch the inhibition of the com-
petition surface active sites by NO [20,36]. Furthermore, Hg® was
nearly purified entirely (E., = 99.60%) when 6% O, was introduced
into the 350 ppm of NO, suggesting O, could oxidize more NO to form
active NOy species and replenish the consumed surface oxygen [35].

3.3.3. Effect of SO,

SO, restrained the Hg® removal in pure N, while promoted it in O,
and N,. With 1200 ppm of SO, balanced in N», E4; and E,,; decreased to
83.70% and 0.74% compared with the pure N,. The suppression phe-
nomenon of SO, might be ascribed into two aspects. On the one side,
SO, could preferentially occupy the adsorption sites than HgP, hin-
dering the adsorption and the subsequent oxidation of Hg’. On the
other side, the formed sulfates could cover the surface active oxygen
over the sample, which not only interdicted the active sites for Hg®
removal but also reduced the BET surface area of the sulfated samples
S-MoCe0.5/AC and OS-MoCe0.5/AC (Table 2) [17,36].

Moreover, E.4 apparently rose to 93.25% and E,,; fell to 4.93%
when 400 ppm of SO, was added into 6% O, and N,. In addition, OS-
MoCe0.5/AC had the lowest BET surface area, which might manifest
that the reaction between SO, and O, formed more sulfates over the
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Fig. 9. Stability test of MoCe0.5/AC for Hg® removal. (Note: reaction tem-
perature 120 °C, 100 pg/m3 Hgo, 6% 05, 12% CO,, 350 ppm of NO, 400 ppm of
SO,, 8% H,0 (when used), 20 g sample, GHSV 2000 h™hH.

surface of MoCe0.5/AC to worsen the BET surface area. In the case, the
impairment of the Hg® oxidation might be caused by the coverage of the
active sites by sulfates, while the increase of Hg® adsorption could be
related to the formation of more HgSO, than when O, absented [51].

3.3.4. Effect of H,O

Water vapor commonly exists in the realistic flue gas and has a
significant impact on Hg® removal. When 8% H,O was added into the
SFG, E,.n, decreased from 99.04% to 93.71%, which might cause by the
competitive adsorption on active sites between H,O and Hg0 [43]. In
addition, the stability of MoCe0.5/AC under wet SFG (added 8% H,0)
was confirmed as presented in Fig. 9. In the initial 6 h, E,,,, of MoCe0.5/
AC was approximately 99% under the dry SFG gas. Thereafter, 8% H,O
was added for the next 48 h, and E,.,, was markedly decreased in the
initial 2 h and then stayed at about 91%. Significantly, E,.n, recovered to
around 98% when H,0 was shut off, indicating that H,O could compete
with Hg® for the active sites while had non-destructive inhibition for the
performance of the sample [39,50]. Besides, the good resistance to SO,
and H,O and the prominent stability of MoCe0.5/AC were testified,
which were important in industrial application.

3.4. XPS

To clarify the compositions and valence states of elements over the
sample, the XPS spectra of C 1s, O 1s, Mo 3d, Ce 3d, Hg 4f and S 2p
were summarized in Fig. 10. As shown in Table 3, the atomic percent of
the C 1s line intensity was normalized as 100% to facilitate quantitative
comparisons among the samples.

3.4.1. C1s

The C 1s spectra (Fig. 10(a)) of fresh AC and MoCe0.5/AC samples
were performed deconvolution into four kinds of carbon functional
groups: C-C/C=C (284.78-284.81 eV), C-O (286.31-286.32eV), C=0
(288.04-288.10eV) and O-C=0 or COOR (289.67-289.92eV) [52].
The contents of C-O and C=0 were decreased by 1.55% and 1.31%
from AC to MoCe0.5/AC, owing to the breakage of the bond in the
oxygen functional groups during the thermal treatment process [27].
However, the percentage of COO was increased by 1.81% because of
nitrate as a precursor for impregnation [53].

For the used MoCe0.5/AC, the reduction of the oxygen-contained
groups (C-O, C=0 and COO) implied that all of them involved in the
Hg® oxidation and/or adsorption [54], which might be the primary
pathway of Hg® removal over AC without metal loading. Besides, more
oxygen-contained groups reduced when SO, was added, indicating that
the part of oxygen-containing functional groups could also bond with
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Fig. 10. XPS spectra of fresh and/or used samples over the spectral regions of (a) C 1s, (b) O 1s, (c) Mo 3d, (d) Ce 3d, (e) S 2p and (f) Hg 4f. (Note: reaction time 52 h,
reaction temperature 120 °C; “used MoCe0.5/AC”: spent by Hgo + 6% O, + Ny; “used (+ SO») MoCe0.5/AC”: spent by Hg0 + 6% O, + 400 ppm SO5 + N»).

adsorbed SO,, instead of Hg® only.

3.4.2. O1s

There were two (only for AC) or three sub-peaks for O 1s spectra
(Fig. 10(b)). The values of binding energy (BE) at 530 = 0.50eV are
assigned to lattice oxygen (O,) in metal oxides, the peaks centered at
around 531.40 eV are ascribed to surface chemisorbed oxygen and/or
weakly bonded oxygen (Og), and the peaks at 532.50 + 0.10eV are
observed to adsorbed water (O,) [55]. Obviously, the normalized con-
tent of the total O species and Og for the modified samples were en-
hanced than AC. It indicated that using metal oxides modifying the
active coke could not only add into the lattice oxygen but also increase
of the content of surface chemisorbed oxygen. However, the reduction

of O, for the modified samples, especially for MoCe0.5/AC, might be
attributed to the volatilization of adsorbed water during the calcination
processes [18]. Moreover, the content of O, (20.13%) and Og (13.74%)
for MoCe0.5/AC were higher than Mo/AC and Ce/AC, suggesting that
the interaction between Mo and Ce oxides could form more surface
active oxygen.

For the used MoCe0.5/AC, the contents of O, and Og were reduced
by 2.74% and 2.27%, respectively, manifesting that both lattice oxygen
and chemisorbed oxygen participated in Hg® removal. Moreover, for
the used (+ SO,) MoCe0.5/AC, O, reduced to 16.64%, which might
because of the consumption of molybdenum or/and cerium oxygen by
SO,. On the contrary, Og and O, markedly increased to 20.00% and
13.73%, implying that the sulfation not could only introduce an extra
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Table 3
The relative XPS intensity normalized to 100% C of as-prepared samples.

Compositions (%) AC Mo/AC Ce/AC  MoCe0.5/AC
Fresh Used Used (+
S0,)
Total C 1s 100.00 100.00 100.00 100.00 100.00 100.00
C-C/C=C 69.81 - - 70.86  75.25  77.86
c-0 18.74 - - 17.19 1412 13.93
Cc=0 8.07 - - 6.76 5.71 4.02
CO0 3.38 - - 5.19 4,92 4.19
Total O 1s 12.79 2419 43.61 40.57 40.22  50.38
Oy - 8.53 19.85 20.13 17.39 16.64
Op 2.55 6.22 13.70 13.74 11.47  20.00
o, 10.24  9.44 10.06  6.70 11.36  13.73
Mo®*/Mo®* - 5.45 - 4.09 4.83 4.02
Ce**/ce® - - 4.94 5.41 3.73 3.65
Mo/Ce ratio - - - 0.62 0.58 0.50

component of O in sulfate, but also increase the content of surface
chemisorbed water which might by the reaction of SO, + 2-OH —
S052~ + H,0 [56,571.

3.4.3. Mo 3d and Ce 3d

The XPS spectra for Mo 3d of Mo/AC and MoCe0.5/AC samples
were displayed in Fig. 10(c). The Mo 3ds,» and Mo 3d3,, fixed decon-
volution splitting parameter is 3.1 €V and intensity ration is 0.67 [58].
The BE at 233.03-233.14 eV and 236.13-236.24 eV are Mo®™", while
231.74-231.84 eV and 234.84-234.94 eV are Mo° " [59]. As shown in
Fig. 10(d), the characteristic peaks labeled u; and v, are ascribed to
Ce®*, and the other six peaks are attributed to Ce** [48]. It is note-
worthy that the Mo®*/Mo®* ratio diminished from 5.45 for Mo/AC to
4.09 for MoCe0.5/AC, with the typical peaks of Mo 3d gently shifted to
the lower BE [60]. However, the Ce** /Ce3™ ratio enhanced from 4.94
for Ce/AC to 5.41 for MoCe0.5/AC. These changes indicated that the
redox reaction between Mo and Ce species existed over the MoCe0.5/
AC, where Mo®" could oxidize Ce®" and generate Ce**
(Mo®* + Ce** —Mo®" + Ce*™). The redox reaction between Mo and
Ce species could not only maintain the Ce** providing for Hg° oxida-
tion and adsorption but also promote the redox shift between Ce** and
Ce®**, which would be helpful to the high Hg® removal performance
and the prominent stability of MoCe0.5/AC [61].

For the used MoCe0.5/AC, Ce**/Ce®" ratio declined to 3.73, de-
monstrating that Ce** was reduced to Ce®>* during the Hg® removal
process and contributed to Hg® oxidation. At the same time, the content
of Mo®™ increased, which might owe to Mo®* was re-oxidized to Mo®*
by oxygen gas or adsorbed oxygen species. Noticeably, when introdu-
cing SO,, the Mo®*/Mo®* ratio was reduced by 0.81 and the Ce**/
Ce®™* ratio was slightly decreased, as well as the Mo/Ce atomic ratio
diminished from 0.58 to 0.50 (Table 3). These results were similar to
the report of Kwon et al. [38]. It might infer that the SO, mainly
combined with MoOs; instead of CeO,, and then formed sulfate.
Thereby, the high valence of Ce over the MoCe0.5/AC could be pro-
tected and used for Hg® removal, which means that Mo®* played a
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3.4.4. Hg 4f and S 2p

For the used MoCe0.5/AC samples, the XPS peaks of Hg 4f
(Fig. 10(e)) at 100.71-101.06 eV and 104.83-105.18 eV corresponded
to the Hg 4f,,, and Hg 4fs,, (both for Hg>*), respectively [62]. The
high intensity peaks at 102.66 eV and 103.04 eV were Si 2p for SiO,
[43]. However, there was no peak for Hg® whether or not SO, existing
during the reaction, suggesting that the physically adsorbed Hg® was
narrow or/and had been desorbed from the sample [28]. Therefore, the
major mercury species on the surface of the used MoCe0.5/AC samples
was HgO. Furthermore, for the used (+ SO,) MoCe0.5/AC, the Hg 4f
peaks shifted to lower BE and two S 2p peaks (Fig. 10(f)) at 170.31 eV
(S 2p;1,») and 169.11 eV (S 2ps3,5) both assigned to $0,2~ and metal
sulfates [9], speculating that a part of mercuric oxide might react with
sulfide and form to HgSO4 [44]. The formation of mercury species over
the spent samples was discussed in the following Hg-TPD tests.

3.5. Adsorbed mercury species

A range of adsorbed samples was treated by Hg-TPD to verify the
mercury removal mechanism. The relevant results of Hg-TPD tests and
its optimum fitting profiles were recorded in Table 4 and Fig. 11. The
mercury mass balance ratio (By,) between the Hg® removal test and Hg-
TPD test closed to 100%, implying that almost all of the adsorbed
mercury compounds on the sorbents were decomposed into Hg® during
the thermal treatment. Moreover, the loss By, was within the range of
experimental permissible error [42,54].

According to the results, there was a low concentration of gaseous
Hg?* for the Hg® removal test and a tiny signal of physically adsorbed
Hg® in the Hg-TPD test. It could further verify that the chemisorption of
Hg® was the primary way to remove Hg?, while catalytic oxidation and
physisorption of Hg® only played a small role, which was in line with
the results of Fig. 8 and XPS. Furthermore, the temperature of decom-
position peak had an ignorable deviation, which was affected by the
type of sorbent (AC and MoCe0.5/AC) and/or the reaction gas com-
positions (O, and SO,). Moreover, the variation of Hg-TPD fitting peaks
area corresponded to the variation of content of chemisorbed mercury
species, which could provide an evidence to verify the Hg® removal
mechanism.

3.5.1. Effect of Mo-Ce oxides

To investigate the effect of Mo-Ce oxides, the Hg-TPD results of used
AC and MoCe0.5/AC were contrasted. The gas compositions for Hg®
removal test was 6% O, and N,. The Hg-TPD profile of AC was fitted
into two peaks: peak I and peak II. The two peaks also appeared in
decomposition peaks of used MoCe0.5/AC samples, which might be
connected with activated coke because of the common character be-
tween AC and MoCe0.5/AC. Moreover, combined with the result of
XPS, the oxygen-contained groups (C-O, C=0 and COO) over the ac-
tivated coke had involved in the Hg® removal, which indicated that the
peak I and peak IT were likely related to the oxygen functional groups of
the activated coke [27,42]. Furthermore, the higher decomposition

Table 4

The relevant results of Hg-TPD profiles and its optimum fitting.
Adsorbed samples Qr (1g) E,xi (%) Desorbed Hg® by Hg-TPD test (ug) Big (%)

Phy. I I 111 v

AC-N; + O, 12.01 - 0.03 4.15 7.85 - - 100.17
M-N, + O, 21.37 5.64 0.02 4.32 7.82 7.22 - 98.49
M-N, 16.78 0.85 0.02 3.71 7.62 4.67 - 96.94
M-N, + O3 + SO, 23.41 4.03 0.01 7.94 4.86 5.26 3.89 98.91
M-N, + SO, 15.31 0.26 0.01 5.80 3.59 3.54 1.93 97.62

Note: “M” means the “MoCe0.5/AC” sample; “Phy.” means the physically adsorbed Hg® (ug).
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Fig. 11. Hg-TPD profiles of different used AC and MoCe0.5/AC samples. (Note:
reaction time 5 h, reaction temperature 120 °C, 200 ug/m> Hg®, 6% O, (when
used), 400 ppm of SO, (when used), 10 g sample, GHSV 4000 h™*; 10 °C/min
heating rate for Hg-TPD test).

temperature indicated the stronger bond energy between mercury and
adsorption sites, which is a positive correlation [16]. Therefore, the
low-temperature peak I approximately at 365 °C could be regarded as
the decomposition of weakly adsorbed HgO (weakly-HgO), and the
high-temperature peak II at about 430°C could be ascribed to the
strongly bond HgO (strongly-HgO) [63]. However, for the MoCe0.5/
AC, apart from the peak I and II, a new peak appeared at around 490 °C
and labeled as peak III. Surprisingly, in combination with the XPS re-
sults (Fig. 10), both of the peak III and lattice oxygen disappeared on
the AC but appeared on the MoCe0.5/AC, namely, there was a coex-
istence relationship between the peak III and O, suggesting that the
chemisorbed mercury compound of peak III might be connected with
O and denoted as O,-HgO.

Compared with AC, both of the E,,; and the content of O,-HgO
obviously increased over the MoCe0.5/AC, meanwhile a few incre-
ments of weakly-HgO and a slight decrease of strongly-HgO could be
neglected, manifesting that the mainly effect of Mo-Ce oxides loading
was beneficial to Hg® oxidation and the O,-HgO formation.

3.5.2. Effects of O, and SO,

The effects of O, and SO, for Hg® removal mechanism were dis-
cussed by changing the gas components of Hg® removal test.
Meanwhile, the reasons for the SO, resistance of MoCe0.5/AC were
investigated as well. The peak IV within the Hg-TPD fitting peaks only
appeared after samples was treated by SO,. Based on the result of S 2p
in XPS (Fig. 10(f)) and the decomposition temperature at about 545 °C,
the mercury compound of peak IV could be deemed to HgSO, [64].

The result of Hg-TPD had a number of important differences be-
tween with or without O, for Hg® removal. Compared with the pure N,
both of the Hg® oxidation efficiency and the contents of various che-
misorbed mercury species were enhanced when O, was added. In de-
tail, the amount of Hg® removal (Qg) was increased by 4.59 ug, among
them the increment of O,-HgO supported the largest share as 2.55 g,
implying that more than half of the increment could be identified as the
strengthening of O,-HgO. These findings indicated that the addition of
oxygen gas might replenish the consumed chemisorbed oxygen and
lattice oxygen, which caused the promotion of Hg® oxidation and che-
misorption. Moreover, the content of HgSO4 was increased by 1.96 ug
when O, was added into N, + SO, verifying that the reaction between
0O, and SO, could produce more sulfates and further form HgSO,4, which
confirmed the conjecture in section 3.3.3.

After SO, was injected into pure N, or N, + O, the contents of
weakly-HgO and HgSO,4 were increased, whereas the strongly-HgO and
0O,-HgO were reduced. Based on the results of XPS, BET and Hg-TPD,
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Fig. 12. The proposed mechanism of Hg® removal process over MoCe0.5/AC.

the increments of weakly-HgO and HgSO, might be related to the en-
hancement of the Op (Table 3) and the formation of the sulfate, while
the restrictions of strongly-HgO and O,-HgO might be connected with
the damage of the surface structure (Table 2) and the consumption of
lattice oxygen (Table 3) [13,51,63]. However, the effect of SO, to
overall Hg’ removal efficiency was inconsistent between with or
without O,, in which Qg was decreased by 1.47 ug when O, absented,
while it was increased by 2.04 ug when O, existed. The results sug-
gested that the coexistence of SO, and O, could further increase the
formations of weakly-HgO and HgSO, and overcome the decreases of
strongly-HgO and O,-HgO. In general, the SO, resistance of MoCe0.5/
AC could be attributed to the following aspects: (i) the preferential
combination between MoO3 and sulfate could maintain the high va-
lence of Ce for removal of Hgo; (ii) the coexistence of SO, and O, could
form more weakly-HgO and HgSO, to enhance the Hg® removal.

3.6. Mechanism discussion

From the obtained results and previous researches [55,65], the
mechanism for Hg0 removal over MoCe0.5/AC without HCI (shown in
Fig. 12) fits well with the Mars-Maessen mechanism. Firstly, the gas-
eous elemental mercury could easily be captured by MoCe0.5/AC that
possessed special petal-like outer microstructure, large BET surface area
and abundant surface active sites. Then, the adsorbed Hg® would react
with surface active oxygen (denoted as O°, including chemisorbed
oxygen and lattice oxygen), which could be replenished by gaseous O,
and transformed into HgO. Besides, coupled with the results of XPS, the
Ce**/Ce®* redox couple and the redox reaction between Mo®* and
Ce®** might contribute to more O” for Hg® oxidation and adsorption. In
summary, detailed reactions for removal of Hg® over MoCe0.5/AC
could be approximately described as follows [6,66]:

Hg®(g) + sorbent surface — Hg®(ads) (5)
HgP(ads) + O* — HgO (ads) (6)
HgO (ads) — HgO(g) @
2Ce0, — Ce,0; + O, 8)
2Mo0O; + Ce;0; — Mo0,0s + 2CeO, 9
Mo’* + O* — Mo®* (10)
0, — 20* 1y

Furthermore, some possible reactions involving in SO, were ex-
plored and illustrated as the following Egs. (12)-(15). The absorbed
SO, was oxidized into SO3 by O” and then reacted with absorbed Hg® or
HgO to form HgSO,, which could give rise to the promotion of Hg®
chemisorption [13,49]. In addition, O, could further facilitate the
production of SO42~ by replenishing of the O". Based on the shifts of
Mo 3d and Ce 3d XPS spectra, it was certain that the sulfate was largely
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Fig. 13. The amount of removed and desorbed Hg® of MoCe0.5/AC over five
removal-regeneration cycles. (Note: reaction time 5h, reaction temperature
120 °C, 200 pg/m* Hg®, 10 g sample, GHSV 4000 h ™ !; regeneration condition:
10 °C/min, from 150 °C to 700 °C, 500 mL/min pure N»).

stored in MoO5 rather than CeO, for MoCe0.5/AC sorbent. Therefore,
the decrease of O,-Hg depended not only on the reduction of O, by
sulfating but also on the direct reaction between HgO and SOs3.

SO, (ad) + O* — SO; (ad) (12)
Hgl(ad) + O* + SO; (ad) — HgSO, (ad) (13)
HgO (ad) + SO; (ad) — HgSO, (ad) 14)
2MoO; + 580; (ad) —» Mo,(SO,)s (ad) + O (15)

3.7. Sorbents regeneration

To investigate the regenerability of MoCe0.5/AC, the Hg® removal
property and the adsorbed mercury species of the regenerated samples
were tested. As the results shown in Fig. 13, the amount of decomposed
Hg0 (Qp) was nearly equivalent to Qg, and the different might be at-
tributed to the escape of Hg?* during Hg® oxidation process. The results
suggested that almost all of the adsorbed mercury had been decom-
posed from the used sample by thermal treatment, and sorbent re-
generation process had been finished by Hg-TPD test.

For the reaction without SO,, Qg reduced at first and then gradually
increased from the 1st to the 5th regeneration cycles. From the result of
Qp, the reduction of performance for regenerated MoCe0.5/AC was
principally owing to the decrease of O,-HgO, as the thermally induced
the reduction of lattice oxygen could be triggered at high temperature
[17]. However, the weakly-HgO and strongly-HgO were increased from
the 1st to the 5th regeneration cycles, which might be concerned with
the regenerated character of coal-derived activated coke [21]. Sur-
prisingly, when SO, was added into the reaction gas, the mass of
mercury adsorption especially HgSO, and strongly-HgO enhanced with
the increased of the regeneration cycles, indicating MoCe0.5/AC pos-
sessed high SO, tolerance and regenerability. Moreover, to further
discussion of the regeneration performance and mechanism, the de-
tailed researches for the effects of regeneration conditions are currently
underway.

4. Conclusions

In this paper, Hg® removal performance of MoCeY/AC samples
prepared by impregnation was measured. In particular, MoCe0.5/AC
showed the highest E,.,, of 94.74% at 120 °C and excellent stability
during 48h test. O, and NO were beneficial to the removal of Hg’,
whereas H;O was an obstacle due to the competitive adsorption of
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active sites with mercury; the Hg® removal was restrained with SO,
balanced in pure N, but be promoted when SO, and O, coexisted.
According to the characterization results, the optimum sample
MoCe0.5/AC owned special microstructure, large BET surface area,
well-dispersed metal oxides and high reducibility, which promoted the
removal of Hg®. Moreover, the synergistic effect between Mo and Ce
oxides (Mo®™ + Ce®™ — Mo®" + Ce*™) was verified over the surface
of MoCe0.5/AC, which played a significant role in Hg® removal as well.
According to the Hg-TPD tests, the removal of Hg® was mainly done
through chemisorption, with a fraction by physisorption and catalytic
oxidation. Furthermore, the chemisorbed mercury could be dis-
tinguished into weakly-HgO, strongly-HgO, O,-HgO and HgSO, (when
SO, was added). The modified activated coke MoCe0.5/AC possessed
the higher oxidation performance than raw AC and could form O,-HgO.
The oxygen gas could replenish the chemisorbed oxygen and lattice
oxygen, as E,,; and all of the four chemisorbed mercury species espe-
cially O,-HgO were enhanced after O, was added. The high SO, re-
sistance of MoCe0.5/AC was resulted from that SO, promoted the for-
mations of weakly-HgO and HgSO,, and sulfate was preferentially
combined with MoO3; while CeO, could be protected to facilitate Hgo
removal. Besides, MoCe0.5/AC also showed remarkable regenerability,
and it was regarded as a promising sorbent for Hg® removal at low
temperature especially from the low-rank coal combustion flue gas.
Further investigation of the mechanism for regeneration is planned.
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