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ABSTRACT

To simultaneously remove elemental mercury (Hg®) and NOy at low temperature from flue gas in coal-
fired power plants, an efficient NH3-SCR LaMnOs perovskite oxide was chosen as the catalyst for Hg?
removal. The physicochemical properties, surface reaction and mercury desorption were investigated
using BET, XRD, XPS, H,-TPR and Hg-TPD, to investigate the Hg® capture mechanism over LaMnOs oxides.
The results indicated that LaMnOj3 exhibits a Hg® capacity that is as high as 6.22 mg/g (600 min) at 150 °C.
0, enhanced the Hg? removal performance by re-oxidation of reduced Mn3* to Mn** and providing addi-
tional adsorbed oxygen. NO enhanced the Hg removal performance. However, NH; exhibited negative
effects on Hg® removal. The NH3 +0,-TPD and NO +0,-TPD results indicated that the ad-NHs species
prevent Hg? adsorption, but the ad-NO; species were beneficial for Hg® oxidation. The effects of SO, and
H,0 were also investigated, and the results indicated that they inhibited Hg® removal. Hg-TPD under
different reaction atmospheres was employed to further investigate the combing state of Hg® on LaMnO3
surface, the results indicated that mercury primarily existed as Hg-0, and LaMnOs3 can be regenerated
using thermal desorption.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Elemental mercury (Hg) in the atmosphere is hazardous for
human and the environment [1-3]. The Minamata Convention on
Mercury signed aiming at controlling mercury emission globally.
Among the various emission sources, coal-fired power plants are
major anthropogenic mercury emission sources [4,5]. In China,
approximately 38% of the Hg? is emitted from coal-fired flue gas [5].
Currently, Hg? removal technologies are often part of the available
equipment for co-beneficial mercury control (e.g., using SCR cata-
lysts for the oxidation of Hg? to oxidized mercury (Hg2*), followed
by HgZ* removal in wet flue gas desulfurization (WFGD) system)
|6-8]. Another method was adsorption technology, and activated
carbon injection (ACI) technology makes full use of AC to adsorb
Hg®. In addition, the particle-bound mercury (HgP) is removed
along with fly ash in the ESP/FF system [9,10]. However, the HgZ*
enriched in the WFGD system or mercury in the fly ashes could
cause secondary mercury contamination [7,11]. Furthermore, the
use of the ACI technology was limited due to its high cost, depen-
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dences on the type of coal, inlet mercury concentration and reaction
temperature [12,13].

In addition, more strict regulation aims to approach zero emis-
sion in coal-fired power plants, and the emission concentration
should be NOy <5mg/m3 and Hg® <0.002 mg/m3. However, in
many coal-fired power plants, the space required for the instal-
lation of deNOy unit that operate at flue gas temperature of
350-400°C s insufficient. To avoid deactivation of SCR catalyst and
reduce costs, the proposed additional deNOy technologies could
be loaded downstream of the particle control devices where the
flue gas temperature is lower than 200°C. However, traditional
SCR catalysts (V-W-TiO, /V-Mo-TiO, ) may lose their activity at this
low temperature. Moreover, without SCR catalysts in the coal-fired
power plants, Hg? is difficult oxidized to Hg%* [14,15]. Therefore, to
simultaneously remove NOy and Hg?, the low-temperature deNOy
technology along with Hg? capture needs to be improved.

In previous studies, low-temperature NH3-SCR technology had
been widely studied and appears to be a potential method for NO
removal. Many transition metal oxides such as MnOy, FeOy, V,0s,
and CoOy have been employed as catalysts for NO removal [16-19].
Mn-based oxides attracted much attention for capturing Hg® due
to their high redox potential, low cost and environmental friend-
liness [20]. The valance state of Mn and the existing state of O are
important for the removal of Hg®. During the Hg® removal process,
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Hg?® oxidized to Hg2* on the surface of MnOy, followed by reduction
of high valance Mn** to Mn3* or Mn2*. Then the oxidized mercury
exists as Hg-O on the surface of the Mn-based materials. Among
various Mn-based low-temperature NH3-SCR catalysts, perovskite
type Mn-based oxides have recently attracted growing interest as
alternative catalysts due to their low cost, high catalytic activity and
strong thermal stability [21-25]. The general chemical formula for
perovskite oxide is ABO3, in which the A ions can be rare earth and
alkaline ions, and the B ions are often first-row transition metal
ions. The catalytic properties are primarily due to the abnormal
valence of the B ion, which is induced by the electric neutrality
principle. The Mn ions can occupy the B site of perovskite oxides.
The abundance of adsorbed oxygen and the oxygen valance may
result in Hg® oxidation. LaMnOs3 exhibited a higher catalytic oxida-
tion performance than that of other Mn-based perovskite oxides.
In addition, LaMnO3 had been used as low-temperature catalyst for
NO removal. However, there was still no attempt for the catalytic
oxidation of Hg? using NH3-SCR catalysts.

Herein, LaMnO3 perovskite oxides were synthesized for the
removal of Hg®. A fixed-bed reaction system was constructed to
investigate the Hg® removal performance. The effects of O,, NH3,
NO, H,0 and SO, flue gas components were considered in our
study and the mechanism for Hg® capture under different gas
components is discussed. Furthermore, the mercury desorption
performance was also investigated in our study.

2. Experimental
2.1. Catalyst preparation

The LaMnOs catalysts were prepared using a sol-gel method.
Briefly, the required amount of La(NO3) 3 and Mn(NO3) 3 was
dissolved in diluted water, followed by the addition of citric acid
(CA) to the mixture. The temperature of the aqueous solution was
maintained at 80°C. The molar ratio of La:Mn:CA was 1:1:2. After
vigorous stirring and evaporation, a transparent gel was formed,
which was dried at 100°C overnight. The obtained precursor was
calcined at 300°C for 1 h in air to completely decompose citric acid
followed by calcination at 750 °C for 5 h at a rate of 10 °C/min. For
comparison, MnOy and LaOy were also synthesized according to the
same sol-gel method.

2.2. Physical characterization

The materials were characterized and analyzed using various
techniques. The crystallinity of the fresh samples were deter-
mined by X-ray diffraction (XRD, APLX-DUO, BRUKER, Germany)
on with Cu-Ko radiation. The XRD patterns were recorded in
a 20 range from 10° to 80° at a scanning rate of 5°/min. The
multipoint Brunauer-Emmett-Teller (BET) surface was analyzed
using a Ny sorption measurement (Nova-2200 e) at 77K. The
pore diameter and pore volume were calculated based on the
Barrett-Joyner—-Halenda (BJH) method. X-ray photoelectron spec-
troscopy (XPS, Shimadzu-Kratos) was used to examine the valance
states of the elements on the surface of the materials. This instru-
ment coupled with an ultra DLD spectrometer with an Al Ko
excitation source. The C 1s line at 284.6eV was employed as a
reference for the binding energy calibration. The morphology and
structure of as-prepared materials were observed via a transmis-
sion electron microscopy (TEM), and the images were using a
JEOLJEM-2010 TEM electron microscope operating at 200 kV. The
reducibility of the samples was determined using H,-TPR experi-
ments, and these experiments were performed on a Chemisorp TPx
290 instrument. The samples were degassed at 200 °C for 3 h under

an Ar atmosphere prior to the tests, and the reducing gas consisted
of 10% Hy/Ar.

NH3+0; and NO+O0O,-temperature programmed desorption
(NH3 +0,-TPD and NO +0,-TPD) was performed using the fixed-
bed adsorption system shown in Fig. 1. A FT-IR gas analyzer was
employed to detect the gas components along with the increase in
temperature. 20 mg of each sample was pre-treated by 500 ppm
NH3 +4% 0, (for NH3+0,-TPD) and 500 ppm NO+4% O, (for
NO+0,-TPD) at 50°C, until the NH3 or NO concentration did
no change. NH;+0, and NO+0, were balanced with pure N,
(total flow rate = 500 ml/min). Then, the fixed-bed temperature was
increased at a rate of 10°C/min and NO, NHs, N,O and NO, were
detected and recorded using a FT-IR gas analyzer.

2.3. Hg® removal tests

The Hg® removal activities were evaluated using a fixed-bed
reactor, and a schematic representation of the Hg® adsorption sys-
temis showninFig. 1. An Hg® permeation tube was used to generate
Hg?® vapor carried by pure N,, which was introduced to the inlet of
the gas mixer. Other gases including NO, O,, SO,, and H,0 vapor
were introduced to the gas mixer at constant flow rates. NH3 was
separately introduced into the simulated flue gas. The flow rate
was controlled by mass flow controllers (MFC) and the total flow
rate was set to 200-500 ml/min. A fixed-bed reactor system was
used to investigate the Hg? adsorption performance. The reaction
temperature was controlled from 50 to 350°C by a temperature
controller tubular furnace. A cold vapor atomic absorption spec-
troscopy (CVASS) analyzer was employed as an online continuous
detector that could only detect HgY. The concentration of Hg® was
measured using Lumex RA 915+. The inlet concentration of Hg® was
100-500 p.g/m3. At the beginning of each test, the simulated gas
bypassed the reactor and the inlet gas was detected to ensure a sta-
ble Hg? concentration. Then the simulated gas passed the samples
and the Hg? concentration was detected by CVASS online system.

The Hg® removal efficiency and adsorption capacities were cal-
culated according to Egs. (1) and (2):

Hg? —Hgd

n = 8in ~ HBout (1)
Hef,
H H
7/ 8in — g°”t) fxdt (2)
NO removal efficiency = NOin — NOout 3)
NOj,

where 7 is the Hg® removal efficiency, Hg;,° is the inlet concentra-
tion of Hg®, Hgou(? is the outlet concentration of Hg?, Q is the Hg?
adsorption capacity, m is the mass of the sorbent in the fixed-bed, f
is the flow rate of the influent, and ty and t; are the initial and final
test times, respectively, of the breakthrough curves.

2.4. NH3-SCR catalytic activity measurement

The NH3-SCR experiments were also performed in a fixed bed
system. The experiments were performed according to the pro-
cedures employed in the Hg® adsorption tests. 20mg sample
was inserted into the reactor under an atmosphere consisting of
500 ppm NHj3, 500 ppm NO and 4% O, which was balanced by Ny,
at a total flow rate of 500 ml/min. The temperature ranged from
100 to 300°C. The FT-IR gas analyzer was employed to detect the
gas component in the outlet of the flue gas.
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Fig. 1. Flow process of Hg® adsorption and the NH3-SCR assessment system.

2.5. Regeneration measurement

The mercury temperature programmed desorption (Hg-TPD)
method was developed to evaluate the desorption performance of
LaMnOs. Prior to each test, the sorbents were adsorbed for 20 min
at 150°C with N, (for N, + Hg-TPD), 4% O, (for O, + Hg-TPD), 4%
0, +500 ppm NHj (for O, +NH3+Hg-TPD), 4% O, +500 ppm NO
(for O, +NO +Hg-TPD) and 4% O, + 500 ppm SO, (for O, +S0O, + Hg-
TPD). After the furnace cooled to 100°C, the sorbents were
regenerated by heating from 100 to 700°C in a pure N carrier gas.
The heating rates were set to 2, 5 and 10 °C/min. The mercury signal
was recorded by a CVASS online system.

3. Results and discussion
3.1. Physicochemical properties

Fig. 2 shows the XRD patterns of the LaOx, MnOy and LaMnO3
samples. For the LaOyx samples, the peaks were assigned to the
La(OH)3 diffraction pattern (JCPDS 83-2034) and La, 05 diffraction
pattern (JCPDS 05-0602) [26]. For MnOy, Mn,03 (JCPDS 24-0508)
was the primary phase, and only a few peaks were ascribed to other
crystalline manganese oxides. However, for LaMnOs, the peaks
were located at 22.8, 32.6,40.2,46.7, 52.8, 58.1, 68.3 and 77.8°, and
all of these characteristic peaks can be well indexed to a perovskite
phase (PDF-88-0633) with a rhombohedral structure.

The N, adsorption-desorption isotherms and pore size distri-
butions of LaMnO3 were investigated, and the results are shown
in Table 1. The BET surface area of the prepared LaMnO3 was

Table 1
Textural properties (BET surface area, pore volume and pore diameter) of the as-
prepared samples.

Materials BET surface area (m?/g) Pore volume (cm?/g) Pore diameter (nm)

Lay03 23 0.068 334
MnOy 11.2 0.051 3.30
LaMnO3 16.6 0.118 115

16.6 m?/g, and the total pore volume and average pore diame-
ter were 0.118 cm3/g and 11.5nm, respectively. For comparison,
the BET surface areas of LayO3 and MnOx were also calculated.
The BET surface area of La;03 was 2.3 m2/g, which was smaller
than that of LaMnOs, and the pore volume was 0.068 cm3/g, which
was also smaller than that of LaMnOs. For MnOy, the BET surface
area was 11.2m?/g, and the pore volume and pore diameter were
0.051cm3/g and 3.308 nm, respectively. To further elucidate the
textural properties of LaMnOs, the TEM image is shown in Fig. S1,
the uniform crystal lattice was indicative of the perovskite struc-
ture. In addition, the EDS analysis indicated that the elemental
components were La, Mn and O.

Nest, the valance states of the elements were characterized by
XPS. The results are reported in Fig. 3(a). For the Mn 2 p spectrum of
LaMnO3, the peaks at 643.7 and 641.7 eV were correspond to Mn**
and Mn3*, respectively [27]. The ratio of Mn**/Mn3* was deter-
mined to be 33.93/66.07. A higher valence state of Mn may result in
a higher catalytic oxidation activity [28,29]. The state of O was also
evaluated by XPS analysis, as shown in Fig. 3B, in the O 1s spectrum
of LaMnOs, the peaks located at 531.0 and 529.6 eV were ascribed to
the lattice oxygen (Oj,) and adsorbed oxygen (O,4s), respectively
[30]. The ratio of Ojy/0,4s Was approximately 47.51/52.49 in the
fresh samples. The adsorbed oxygen was favorable for Hg? capture
[29,31].

3.2. Hg% removal over NH3-SCR LaMnOj3 perovskite oxide

3.2.1. NH3-SCR performance over LaMnO3

LaMnOs has been previously used as a low-temperature NHs-
SCR catalyst for NO removal from coal-fired flue gas [32]. As shown
in Fig. 4(a), the NH3-SCR performance of LaOy, MnOy and LaMnOs3
were tested. LaOy exhibited almost no activity for NO removal.
MnOy exhibited a NO conversion of approximately 20% at 250 °C.
However, for LaMnOs, the NO conversion was higher than 65% at
200°C.When the temperature increased from 250 to 350 °C, the NO
conversion efficiency decreased. The Mn-based materials lost their
activity for NO conversion at higher temperature (>200°C). This
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temperature window (100-200°C), it is beneficial for Hg® capture
downstream from ESP or FF in the coal-fired power plants.

3.2.2. Hg adsorption activity over LaMnOs

To investigate the role of the perovskite crystal structure on Hg®
removal, the adsorption test was performed in a fix-bed adsorption
system. As shown in Fig. 4(b), Hg® removal activity increased in
the following order: LaOy « MnOx < LaMnOy. LaOy oxide exhibited
almost no activity for Hg? removal. MnO, gradually lost its Hg?
removal ability, and the Hg® removal efficiency was only approx-
imately 30% after 600 min reaction. LaMnOs3 achieved the best
performance with a Hg® removal efficiency that was higher than
85% after 600 min reaction. The saturation adsorption capacity of
LaMnOj for Hg? was calculated to be approximately 7.65 mg/g. The
effect of Hg® on NO removal was also investigated. As shown in
Fig. 5, in the presence of Hg?, it existed a slight decrease for the
removal of NO. But the trend was similar. It indicated that the addi-
tion of Hg? in the simulated gas had little effect on the NO removal.
To further confirm the NO removal performance, the sample was
first used for Hg® adsorption, and after adsorption saturation, the
sample was used for NO removal. The NO removal efficiencies
decreased sharply, especially at low temperature. Mn is most likely
the main active site for Hg® removal based on previous reported
results [29,31,33]. The high activity of LaMnO3 was due to the ben-
efit of perovskite crystal structure [34]. Mn™ exhibited a better
dispersion in the perovskite structure where it was located in the
B sites of the lattice. The highly dispersed Mn™" was beneficial for
the Hg? catalytic oxidation on its surface [34]. Based on the charac-
terization results, LaMnOs had the largest BET surface area, which
was approximately 50% larger than that of MnOy. The larger sur-
face area was beneficial for physical adsorption. However, the large
surface area was not the primary reason for the higher Hg® removal
efficiencies. In our previous studies, the BET surface areas of Mn-
based materials were larger than LaMnOs3 [35,36]. Therefore, the
perovskite structure of LaMnO3 contributed to the high catalytic
activity for Hg? removal.

The effects of the Hg® initial concentration, gas hourly space
velocity (GHSV) and temperature were investigated. As shown in
Fig. 6(a), the initial Hg® concentrations were set to 100, 300 and
500 wg/m3, respectively. When the initial Hg® concentration was
500 pwg/m3, the Hg® removal efficiency was approximately 50%

after 600 min adsorption. However, when the initial Hg® concen-
tration decreased to 300 p.g/m3, the Hg® removal efficiency was
higher than that at an initial Hg® concentration of 500 p.g/m? after
600 min adsorption. When the initial Hg® concentration was further
decreased to 100 pg/m?3, the removal efficiency was maintained at
a value higher than 95%. The effect of the GHSV was also inves-
tigated. The GHSV was set by changing the total gas flow rate.
The GHSVs were 478,000, 286,800 and 95,600 h—! when the total
flow rates were 500, 300 and 100 ml/min, respectively. As shown
in Fig. 6(b), the Hg® removal efficiency increased when the GHSV
decreased. The Hg® removal efficiency (after 600 min adsorption)
was approximately 90% when the GHSV decreased to 95,600 h—1. To
further investigate the Hg® removal mechanism over LaMnO3 and
the effects of the gas components, the reaction conditions were set
to 500 pg/m?3 of inlet Hg® and GHSV =478,000 h—! even though the
removal efficiency was not high under this condition. The effect
of temperature was also investigated, and the temperature win-
dow ranged from 100 to 300 °C. The Hg? capacities increased from
6.13 mg/gat 100°Cto 6.22 mg/g at 150 °C. However, when the tem-
perature increased from 150 to 300°C, the Hg® capacity decreased
to only 3.01 mg/g at 300°C. The higher temperature resulted in
LaMnOs losing its performance for Hg? removal. Manganese oxides
may exhibit better activity at low temperature [35,37]. Herein, to
gain insight into the LaMnO3 sorbents, the reaction temperature
were set to 150 °C, the inlet concentration was 500 pg/m?3 and the
GHSV was 478,000h1.

3.2.3. Effect of 0, on Hg? adsorption

In general, the Hg® removal mechanism over Mn-based oxides
involves the chemical adsorption. The catalytic oxidation of Hg? to
Hg?* enhanced the performance for Hg? capture. O, is the common
oxidants of Hg? oxidation. Pure physical adsorption does not result
in higher Hg® capacities. The adsorption experiments under pure
N, were performed, and the results are shown in Fig. 7. LaMnO3
exhibited a gradual decrease in its Hg? removal performance. After
125 min adsorption, the Hg® removal efficiency was only 50%. How-
ever, when 4% O, was added to the simulated gas, the Hg® removal
efficiency increased. The existence of O, in the flue gas participated
in the Hg® removal process. The Hg? removal experiments under
pure Ny, 4% O, and 8% O, during a 600 min reaction were further
investigated. The Hg? adsorption capacities were calculated and are
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shown in Fig. 9, the Hg? capacity decreased by approximately 17%
in the absence of O,. When the concentration of O, was increased
to 8%, the Hg? capacities increased from 6.2 mg/g to approximately
6.8 mg/g. The H,-TPR profile of LaMnOs is shown in Fig. S2. The
peaks centered at 330.5 (peak 1) and 741.1°C (peak 2) were due

to the reduction of Mn** to Mn3* and Mn3* to Mn?*, respectively.
The peak 1/peak 2 ratio was 56.8/43.2. The results indicated the
boundaries between Mn** to Mn3* and Mn3* to MnZ*.

After adsorption, the XPS spectra of Mn 2p, O 1s and Hg 4f were
recorded, and the results are shown in Fig. 8. In the XPS spec-
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Fig. 10. (a) NH3 +0,-TPD, and (b) NO + O,-TPD profiles over the LaMnO3 samples.

tra of Mn 2p shown in Fig. 8(a), the Mn**/Mn3* ratio changed to
29.14/70.86. A portion of the Mn** changed to Mn3* during the
adsorption process. After adsorption, (Fig. 8(b)), the Oj34¢/0,qs ratio
was approximately 48.05/51.05, and the ratio decreased due to an
increase in O,45 on the surface of LaMnOs. The oxygen in the flue
gas was first adsorbed on the surface of LaMnOj3 to generate O,q;.
This 0,4; combined with Hg® which was also adsorbed on the sur-
face of LaMnOs. To further confirm the results, the XPS spectrum
of Hg 4f is shown in Fig. 8(c), and the peaks located at 103.2 and
99.2 eV were ascribed to HgO. The adsorbed Hg? existed as HgO on
the surface of LaMnO3. The mechanism of Hg® adsorption can be
illustrated as follows:

Hg? (g) — Hg® (ads) (4)

Mn**t = O(ads) + Mn** = O(ads) + Hg(ads) - Mn*t =0
— Hg(ads) + Mn3* = O(ads) (5)

Mn** = O(ads) + %oz — Mn** = 0, (ads) (6)

3.2.4. Effect of NH3 and NO on Hg? removal

LaMnO3 was used as the low temperature NH3-SCR catalyst in
previous studies. As shown in Fig. 9, the effects of NH3 and NO on the
Hg0 adsorption capacities was presented. The reaction condition
were 500 ppm NH3, 500 ppm NO, 150°C and a GHSV=478000h~".
NH; decreased the Hg? capacity of LaMnOs, and the Hg? capacities
decreased to 5.88 mg/g compared to 6.22 mg/g only under only 4%
0,. However, NO enhanced the Hg? adsorption capacity, and the
Hg? capacity was 7.18 mg/g after 600 min of adsorption. When the
gas component was 4% 0, +500 ppm NO+500 ppm NHj3, the Hg?
capacity decreased compared to that with 4% O, + 500 ppm NO and
increased compared to that with 4% O, +500 ppm NH3.

To investigate the NH3 surface oxidation and NO oxidation per-
formance, NH3 +O,-TPD and NO+0,-TPD was performed in our
study. A FT-IR gas analyzer was employed to detect the gas compo-
nent along with the increase of temperature. As shown in Fig. 10(a),
when the temperature increased from 50°C, the adsorbed NHj3
started to release from the surface of LaMnOs, and this NH3; was
due to the physical-adsorbed NH3 (ad-NH3 ) on the LaMnOs3 surface.
At a temperature of 150°C, N,O was detected. As the temperature
increased to 400°C, NO was released from the LaMnOs surface.
The ad-NH3 may be oxidized to N,O at low temperatures and NO
at higher temperatures. The NO+0,-TPD was also investigated

in this study. As shown in Fig. 10(b), the adsorbed-NO (ad-NO)
started to desorb from the surface of LaMnOs at 150°C. As the
temperature increased to 200°C, NO, started to release. The ad-
NO was most likely oxidized to NO, by catalytic oxidation over
LaMnOj3. The mechanism of NH3-SCR reaction over LaMnO3 has
been previously reported, especially for the reaction following the
L-H mechanism [32,34]. It is unnecessary to distinguish the species
on the LaMnOs surface after NH3/NO adsorption in previous stud-
ies based on DRIFTs studies. The desorbed NH3 can be assigned as
ad-NHj3, and the desorbed NO can be assigned to NH3 bond to acid
sites [34]. Therefore, ad-NH3 formed NH4* on the surface covered
the active sites and consumed surface oxygen, which inhibited Hg?
oxidation, resulting in a low removal efficiency. However, the ad-
NO formed NO, on the surface of LaMnOs, and these species are
most likely responsible for Hg® oxidation [38].

3.2.5. Effect of SO, and H, on Hg® removal

The effects of SO, and H,0 on Hg® removal were also investi-
gated (Fig. 11). SO, had an adverse effect on the Hg® removal, and
Hg? capacity decreased approximately 20% when 500 ppm SO, was
included in the simulated gas. SO, may easily react with Mn-based
materials to form Mn-S042~ [38,39]. NH3 resulted in a decrease
in the Hg? capacity when SO, was present, but NO promoted Hg?
removal even when SO, was included in the simulated gas. NH3 can
react with SO, to form sulfate species, and causes catalyst deacti-
vation. However, the existence of H,O had an adverse effect on
Hg? adsorption, especially when NH; and NO co-existed. Therefore,
NO may form nitrate which results in a loss in oxidation perfor-
mance. Furthermore, the active sites of LaMnO3; were occupied,
resulting in low adsorption capacities. Moreover, the presence of
both SO, and H,0 had a serious adverse effect on Hg® removal
over LaMnOs, and the Hg? capacity was only 50% compare to that
under N; +4%0,. When NH3 and NO were added to the simulated
gas, the Hg? adsorption capacity further decreased, and the capac-
ity decreased to only 2.5 mg/g under 4% O, +4% H,0+500 ppm
NH3 +500 ppm NO +500 ppm SO,. It is interesting to further dis-
cuss the mechanism for the interaction among the H,0, NH3 and
NO (Fig. 11).

3.3. Mercury temperature-programmed-desorption (Hg-TPD)

The mercury temperature-programmed-desorption (Hg-TPD)
method was performed. In addition, the desorption activation
energy (Eq) was calculated to explain the binding force between
mercury and LaMnOjs. The adsorption under different gas atmo-
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Fig. 11. Effects of SO, and H,0 on the Hg? adsorption capacity. Reaction condition:150 °C; GHSV =478,000h~'; 0,: 4%; NH3:500 ppm; NO: 500 ppm; SO,: 500 ppm; H,0: 4%.

sphere and desorption under pure N, was first studied. The Hg-TPD
model for the E4 calculation was as follows:

The Hg? desorption process was assumed as to follow first-order
kinetics [40-42]:
%:-%:@e 7)
where ry is the desorption rate of mercury from the sorbent
(mol/min), Ns is the maximum mercury concentration on the unit
surface of the sorbent (mol/cm?2), 6 is the transient coverage of
mercury, t is the time (min) and ky is the desorption rate.

Based on Eq. (7), the related parameters can be defined as fol-
lows:

_ Eq
kg = Aexp (_ﬁ> (8)
Tq _ do _ 7E7d
N~ ar = ABexp ( RT) 9)
T=T,+ Bt (10)

where R is the gas constant, T is the temperature, A is the pre-
exponential factor, 3 (K/min) is the heating rate and Ty (K) is the
initial temperature of TPD experiment. Assuming that the desorp-
tion rate reaches a maximum value at a certain temperature T;, (K),
then drq/dt = 0, and Eq. (7) can be expressed as follows:

Eq4 Eq
21nT—1nB_m+lnlﬁ (11)
Based on Eq. (11), the Hg-TPD curves under different heating
rates are created by plotting of (ZlnTp - lnB) as a function of 1/Tp,
which generates a linear relationship, and E4 can be calculated.
First, the Hg-TPD experiments were performed using differ-
ent gas components. Ny + Hg-TPD, O, + Hg-TPD, NH3 + O, + Hg-TPD,
NO+0;, +Hg-TPD and SO, +0, +Hg-TPD were tested. As shown
in Fig. 12, the adsorption under pure N, resulted in two peaks.
One peak located at approximately 248.5°C was due to physical-
adsorption on the LaMnOs surface. The primary desorption peak
at approximately 342.5°C may be associated with chemical-
adsorption. For adsorption under 4% O, the desorption peak was
located at 361.5 °C which is higher than the second peak under N,.
Based on Equation (8), as the desorption temperature increased, the
desorption energy increased. For adsorption under NH3 + 0O, and
NO + 05, the primary desorption peaks were centered at 345.5 and
356.5°C, respectively. The desorption peaks under O,, NH3 + O, and
NO + 0, adsorption atmosphere were similar. However, for adsorp-
tion under SO, +0,, desorption began at approximately 230°C,

S0,+0, 367.5
356.5

NO+O,
— 345.5
©
S
= NH,+O,
g
3 o 361.5
[} 2
=

342.5
248.5
N, 1
T T T T v T v T T T
100 200 300 400 500 600 700

Temperatuere, °C

Fig. 12. Hg-TPD curves for LaMnOs under different adsorption conditions.

which is lower than that of under an O, atmosphere. In addition, a
wide peak was observed in the curve of under SO, + O,. The sulfate
(S0427) on LaMnOs surface may have affected the Hg-O binding
energy. The desorption energy based on Eq. (8) was calculated, and
the O, + Hg-TPD for a desorption rate of 2, 5 and 10 °C/min is shown
in Fig. S3. The desorption activation energy was 150.50 kJ/mol.
LaMnOj3 can be regenerated by thermal desorption. The sample was
re-used for Hg® adsorption, as shown in Fig. S4, and the Hg? capac-
ities were nearly the same after the 5th adsorption run. The results
indicated that LaMnOs3 can be fully regenerated.

Based on these results, the optimal reaction temperature for NO
conversion is 200-250 °C and Hg? adsorptionis 100-150°C. In coal-
fired power plants, the catalyst can be used downstream of ESP/FF,
and in this section, the temperature is approximately 200°C. A
low-temperature NH3-SCR catalyst was also used in this section.
LaMnOs3 had a NO removal efficiency of approximately 60-70% and
ahigher Hg? capacity. In a traditional coal-fired power plant, the NO
concentration decreases after the SCRreaction, and the Hg? concen-
tration also decreased after the SCR catalyst and ESP/FF. Therefore,
the low-temperature NH3-SCR reactor may also be beneficial for
simultaneous removal of Hg® and NO.
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Fig. 13. Proposed reaction mechanism for Hg® adsorption under different gas compositions over LaMnOs.

4. Conclusions

In this study, LaMnO3 perovskite oxide, which was used as a low-
temperature NH3-SCR catalyst, was confirmed to be a Hg® sorbent.
The perovskite structure was beneficial for Hg? catalytic oxidation
and adsorption, and the reduction of Mn** to Mn3* results in oxi-
dation of Hg? to Hg2*. The adsorbed oxygen combined with Hg2* to
form HgO species on the LaMnOs3 surface. The adsorption mech-
anism is briefly illustrated in Fig. 13, the Hg? first adsorbed on
LaMnOs surface, then Hg® was oxidized to Hg?* and existed as HgO
species. In addition, the existence of NO enhanced the Hg? capacity
but the presence of NH3 inhibited Hg® adsorption. NO adsorption
on LaMnOs3 may result in the formation of NO,, which is favorable
for Hg? oxidation. However, the existence of ad-NH3 occupied the
adsorbed oxygen, resulting in difficulties with Hg-O bonding. The
existence of SO, also decreased the Hg? capacity due to the sulfate
generated on the LaMnOs surface. A further improvement in the
LaMnO3 materials is currently underway. LaMnOs exhibited supe-
rior performance for Hg® adsorption and is an ideal material for
the simultaneous removal of Hg® and NO at low-temperatures in
coal-fired power plants.
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