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Abstract—Titanium dioxide (TiO,) and Mn-doped TiO, (Mn(x)-TiO,) were synthesized in a sol-gel method and char-
acterized by BET surface area analysis, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Gas-
phase elemental mercury (Hg") oxidation and capture by the Mn-doped TiO, catalyst was studied in the simulated flue
gas in a fixed-bed reactor. The investigation of the influence of Mn loading, flue gas components (SO,, NO, O,, and
H,0) showed that the Hg’ capture capability of Mn(x)-TiO, was much higher than that of pure TiO,. The addition of
Mn inhibits the grain growth of TiO, and improves the porous structure parameters of Mn(x)-TiO,. Excellent Hg° oxi-
dation performance was observed with the catalyst with 10% of Mn loading ratio and 97% of Hg’ oxidation was
achieved under the test condition (120°C, N,/6%0,). The presence of O, and NO had positive effect on the Hg’
removal efficiency, while mercury capture capacity was reduced in the presence of SO, and H,O. XPS spectra results
reveal that the mercury is mainly present in its oxidized form (HgO) in the spent catalyst and Mn*" doped on the sur-
face of TiO, is partially converted into Mn** which indicates Mn and the lattice oxygen are involved in Hg’ oxidation

reactions.
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INTRODUCTION

Mercury emissions have attracted increasing attention due to
their adverse effects on human health and ecosystem [1]. Mercury
emitted from coal-fired power plants accounts for the largest part
of atmospheric mercury emission [2]. It is necessary to deal with
the mercury pollution released from power plants. More than 20
US. states had proposed or adopted rules used to limit mercury
emissions from coal-fired power plants by April 2010 [3]. The US
Environmental Protection Agency (EPA) announced the Mer-
cury and Air Toxics Standards (MATS) in December 2011, aim-
ing to control emission of mercury and other toxic pollutants from
power plants [4].

Mercury exists in flue gas as three forms: gaseous elemental mer-
cury (Hg"), oxidized mercury (Hg™), and particle-bound mercury
(Hg") [5]. Among these, Hg can be collected by an electrostatic pre-
cipitator (ESP) and/or a baghouse. Hg™" is water-soluble, and thus
can be captured effectively by wet flue gas desulfurization (WFGD)
equipment. However, because of high volatility, low solubility in
water and poor reactivity with fly ash for Hg’ [6], it is difficult to
remove by conventional air pollution control devices (APCDs). It
is likely to enter the global atmospheric cycle. Accordingly, removal
of Hg’ from flue gas has attracted much more attention.
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Bench scale studies show that metal oxide SCR catalysts can oxi-
dize Hg’ to Hg"". The catalysts employed in the selective catalytic
reduction (SCR) for nitric oxides have been proven to significantly
increase oxidation of elemental mercury, which can be effectively
captured by FGD downstream [7]. This co-benefit from SCR makes
the cost of mercury control more economical than the ACI method.
Unlike commercial SCR catalysts, low temperature SCR catalysts
operate at 100-250 °C, making it possible to move the catalyst bed
downstream of the particulate collector, where the temperature is
normally below 150 °C. The catalysts based on the transition metal
oxides have been developed and proven to be effective for nitric
oxides and mercury removal in lower temperature SCR catalyst
[9-12]. Since alumina supported manganese dioxide shows mer-
cury capacity in the temperature range of 60-177 °C, it is possible
that a low-temperature SCR catalyst (titania supported manganese
oxide) can also serve as an elemental mercury oxidant and adsor-
bent [8].

The manganese oxides in catalysts were demonstrated to be the
active ingredient in Hg’ oxidation process. He et al. [10] used the
MnOx/TiO, modified by the CeO, to capture the Hg’ and NO,
and found that 20 wt% MnOx/CeO,-TiO, removed 94mg Hg’ g™
and 358 mg NO g ' at 175°C. Yang et al. [11] prepared Mn-Fe cat-
alyst by a coprecipitation method and found the catalyst was highly
active for Hg’ oxidation. Ji et al. [13] reported that manganese based
catalysts also showed remarkable mercury capture capacity (17.4
mg/g) at 200 °C, which was much higher than that of activated car-
bon. The reaction mechanism for Hg’ oxidation over manganese
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based catalysts was supposed to be the Mars-Maessen mechanism
as follows [14].

Hg(g)+catalysts—Hg’(ad) 9]
Hg’(ad)+Mn,0,—~HgO+Mn,0, , @

The purpose of this work is to verify the catalytic oxidation and
capture of elemental mercury on Mn-doped titanium dioxide at
low temperature. This paper presents the results of a study on the
potential of the Mn-doped TiO, catalyst synthesized with a sol-gel
method for the capture of vapor phase elemental mercury. The
dynamic mercury capture behavior of the catalyst in the simulated
flue gas was tested in a lab-scale fixed-bed reactor. The effects of
the manganese loading and the main components of flue gas, such
as moisture, oxygen, sulfur dioxide, nitric oxide, on mercury removal
efficiency were also investigated. Meanwhile, the essential analysis
and characterization of catalysts were also conducted to reveal the
possible mechanism of Hg’ adsorption and conversion on the cat-
alysts.

EXPERIMENTAL SECTION

1. Material and Preparation

Chemicals used in catalyst preparation were commercial prod-
ucts purchased from Nanjing Chemical Reagent Company and all
of them were analytical grade. In typical synthesis of Mn(x)-TiO,
with Mn content in the range of 1-15 mol% (Mn/(Mn+Ti); denoted
as Mn(1)-TiO,, Mn(3)-TiO,, Mn(5)-TiO,, Mn(10)-TiO, and Mn(15)-
TiO,) were prepared by a sol-gel method. 25 mL tetrabutyl tita-
nate and 4 ml HNO; (6 mol/L) were dissolved in 75 mL anhydrous
ethanol under vigorous stirring. After being stirred for 1 hour, a
mixture of specific amounts of manganese nitrate and 25 mL anhy-
drous ethanol and 5 mL distilled water (the pH was adjusted to
2.0) was added dropwise to the solution. The resultant gel was dried
at 100 °C overnight and calcined at 500 °C in air for 3 h. Then the
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prepared adsorption-catalytic oxidation adsorbents were ground
to powder.
2. Material Characterization

The TiO, and Mn(x)-TiO, were characterized by different ana-
lytic techniques. The Brunauer-Emmett-Teller (BET) surface area
and porous structure properties of the catalysts were determined
using a Quantachrome Nova 1000e (US.A.). The crystal phase of
Mn(x)-TiO, was characterized by X-ray diffraction (XRD). The
XRD patterns were recorded on a D/max-2500/PC X-ray diffrac-
tometer with a Cu K radiation source over the range of 26 from
5° to 85°. The scanning speed was 0.02° . The chemical compo-
sitions on the surface of the catalysts were studied by X-ray photo-
electron spectra (Kratos Axis Ultra DLD spectrometer) with a
monochromatic Al Ko X-ray source. All binding energies were
corrected by setting the binding energy of the surface adventitious
carbon (C 1s) at 284.8 eV.
3. Experimental Setup

The experimental apparatus, shown in Fig. 1, includes the gen-
erator of simulated flue gas, the fixed-bed catalytic reactor, the tem-
perature-controlled furnace, and the online gas and mercury analyzer.
The simulated flue gas was consisted of O,, SO,, H,0, NO and
balanced with N,, which was provided by gas cylinders (Nanjing
Gas Company, China). The flow rate of the gas stream was accu-
rately controlled by the mass flow controller (MFC) (Beijing Met-
ron Instrument Company, China). Nitrogen flow was divided into
three branches. The first stream was mixed with SO,, NO and O,
to form the main gas flow. The second N, stream passed through
the Hg’ permeation tube (VICI Metronics, Inc., USA) placed inside
a U-shaped glass tube to carry Hg’. The U-shaped glass tube was
immersed in a water bath with a constant temperature of (45+
1°C). The third N, stream was used to introduce humid flow by
passing through a heated water bath. The total flow rate of the sim-
ulated flue gas remained constant at 2.2 L-min ™",

The reactor is a U-shaped quartz tube (with an inner diameter
of 15mm) located inside a temperature-controlled furnace. The
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Fig. 1. Schematic diagram of experimental system.
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reaction temperature was controlled at 120 °C. Quartz had been
demonstrated to have good chemical resistance and inertness toward
mercury. To avoid adsorption of mercury, all the connected pipe-
lines were made of Teflon and heated to 120 °C by electrical heat-
ing tapes. The concentration of gas components was measured by
ECOM]J2KN (RBR Company, German). The concentration of gas-
eous mercury was monitored by VM3000 mercury analyzer (Mer-
cury Instrument Company, German) with a Hg speciation con-
version system [15]. In the conversion system, the sample flow was
divided into two streams in the conversion system. One stream
passed through 10% SnCl, solution, which reduced the oxidized
mercury to the elemental mercury, then the concentration of total
mercury (Hg') was measured. The other stream passed through
10% KCl solution directly, which captured oxidized mercury (Hg™)
and allowed Hg’ to pass through only. Therefore, the concentra-
tion of oxidized mercury (Hg™) could be determined based on the
difference of Hg" and Hg’ concentration. Prior to entering the
VM3000 Hg’ analyzer, the two streams went through the adsorp-
tion bottle containing 5% NaOH solution, and then the condenser
to remove acid gases and water vapor. The total mercury adsorbed
on the spent catalysts was determined using Leeman advanced
mercury analyzer---Hydra C II (Teledyne Leeman Labs, USA).
4. Test Conditions

To better understand Hg® capture behavior over Mn-TiO, cata-
lyst in the flue gas, Hg” capture experiments were carried out under
N,, N,+0,, N,+SO,, N,+NO and N,+0,+SO,+NO+H,O com-
plex atmospheres. The experimental conditions are listed in Table
1. Set 1 was aimed to investigate the role of Mn addition on the
elemental mercury oxidation and capture. In sets 2, 3, 4 and 5, the
effects of individual flue gas components (O,, NO, SO,, H,0) and
the complex flue gas on mercury oxidation and capture were stud-
ied, respectively.

The Hg’ and Hg" removal efficiency at a particular time (t) is
defined as follows:

0 0
Hgin — Hgout
0

Ty (%)= - x100% 3)
gin
: Hg, —Hg.
Ty (%)= g’"H—Tg"“f « 100% @)
gin

where Hg), and Hg),, are the inlet and outlet concentration of ele-
mental mercury (Hg’), Hg;, and Hg,, are the inlet and outlet con-
centration of the total mercury, respectively.

The average Hg’ and average Hg' removal efficiency during the
reaction period are defined as follows:

Table 1. Experimental conditions

Table 2. Porous structure parameters of the catalysts

Specific surface  Pore volume  Average pore

Samples

area (mz-g’l) (cm3og’1) size (nm)
TiO, 20.5 0.030 3.87
Mn(1)-TiO, 26.2 0.039 3.87
Mn(3)-TiO, 41.2 0.052 3.86
Mn(5)-TiO, 80.2 0.133 5.44
Mn(10)-TiO, 104.9 0.179 484
Mn(15)-TiO, 102.6 0.163 479
Sy
E, (%)= Bl %100% (5)
g
B, /(%) = E—x100% 6)

RESULTS AND DISCUSSION

1. Catalyst Characterization

The porous structure parameters of the prepared catalysts are
listed in Table 2. It is obvious that the Mn(10)-TiO, has the high-
est BET surface area (approximately 104.9 m”-g ") and largest pore
volume (approximately 0.179 cm’-.g "). Pure TiO, exhibited a low
specific surface area of 20.5m’/g. The addition of Mn inhibited
the grain growth of TiO, crystalline. After Mn*" entered the TiO,
lattice, some parts of Ti** would be substituted, which caused the
lattice distortion. The pore size of the catalyst trended to increase,
and then increased the specific surface area. Furthermore, the
addition of Mn inhibited the aggregation of TiO, nanoparticles
which also resulted in a larger specific surface area.

The X-ray diffraction (XRD) patterns of the catalysts are shown
in Fig. 2. The anatase phase (20=25.3°, 37.7°, 48.1°, 53.9°, 56.1°,
62.8°, 69.1° 70.3°, 75.3°, 82.9°) and rutile phase (26=27.5°, 36.1°,
41.3°, 44°, 54.4°, 64°) were observed in pure TiO, crystalline, and
the anatase phase accounts for more than 73%. The anatase phase
was found to be the only crystalline phase in Mn-doped TiO,. The
diffraction peaks of the anatase phase of TiO, in Mn(x)-TiO, be-
came broader and weaker with the increasing of the Mn loading
value, which indicated that the anatase phase of TiO, with the
smaller crystallite size [16,17]. The crystallite size of catalysts was
determined using the Scherrer equation [18] and the crystallite
sizes of TiO, and Mn(x)-TiO, (x=1, 3, 5, 10, 15) were 19.3, 17, 14.6,
13.3, 12 nm, and 11.8 nm, respectively. This result suggested that

Sets Catalysts 0O, (%) SO, (ppmv) NO (ppmv) H,O (%) N, (%)

1 TiO,, Mn(x)-TiO, 6 0 0 Balance
x=1, 3, 5, 10, 15

2 Mn(10)-TiO, 0,36 0 0 Balance

3 Mn(10)-TiO, 0 42, 250, 500 0 Balance

4 Mn(10)-TiO, 0 42, 300, 600 0, 500 0 Balance

5 Mn(10)-TiO, 6 500 0,2,8 Balance

Korean J. Chem. Eng.(Vol. 33, No. 6)
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Fig. 2. XRD patterns of the Mn(x)-TiO, samples with different x
values. (a) x=0; (b) x=1; (c) x=3; (d) x=5; () x=10; (f) x=15.

introduction of Mn inhibited the grain growth of TiO, crystallite.
The diffraction peaks corresponding to MnO, were not observed
in all XRD patterns. However, the peaks corresponding to MnO,
were detected in the XPS spectra, which indicated that the Mn
species were highly dispersed on the surface of catalysts and existed
as the amorphous phase [19,20].

The mechanism and the reaction pathways for Hg’ catalytic
oxidation and adsorption have not been well understood yet. To
determine the changes of the chemical states of the main elements on
catalysts and the speciation of the adsorbed mercury, XPS techniques
were used to analyze the samples of the fresh and spent catalyst.

The XPS spectra of Ti 2p, O 1s, Mn 2p;, and Hg 4f on the
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Mn(10)-TiO, with or without adsorbed mercury were scanned
and the results are shown in Fig. 3. For the fresh Mn(10)-TiO,, two
main peaks due to Ti 2ps, and Ti 2p,,, were observed at 458.6 eV
and 464.7 eV in Fig. 3(a), which indicated the presence of typical
Ti*". There was no significant change for the binding energy and
intensity peak of Ti 2p in the spent Mn(10)-TiO,, and the binding
energy of Ti 2p,, and Ti 2p,, was 458.3 eV and 464.5 eV, respec-
tively. It indicated that Ti*" in Mn(10)-TiO, was the inactive sub-
stance in the process of Hg” oxidation. Various oxygen species on
the surface of fresh and spent Mn(10)-TiO, are shown in Fig. 3(b).
The peaks corresponding to lattice oxygen (O*") were observed at
529.6 €V on fresh Mn(10)-TiO, and at 529.4 eV on spent Mn(10)-
TiO,, respectively. The peaks at 531.2 eV and 530.5eV corresponded
to the weakly adsorbed oxygen. The peak at 532.2 €V on the spent
catalyst represents the hydroxyl (-OH) and H,O bonded oxygen.
Compared with the spectra of the fresh catalyst, O 1s peak of the
spent catalyst became broader and weaker, which could be attributed
to the formation of HgO and the adsorption of H,O molecules [14].
Fig. 3(c) shows the spectra of Mn 2p;,. The binding energies of two
peaks were observed at 641.7 eV and 642.9 eV on fresh Mn(10)-
TiO,, which corresponded to Mn™* and Mn", respectively. No obvi-
ous peak change was found in the spent Mn(10)-TiO, and the peaks
corresponding to Mn’* and Mn*" were located at 641.7 €V and 6434
eV. However, the intensity of Mn 2p;, peaks changed significantly.

The ratio of the spectra area with respect to Mn™* and Mn**
was about 0.5 for the fresh catalyst, but the ratio increased to 1.2
for the spent catalyst. The results indicated that Mn** was con-
verted partially to Mn** during the absorption process and the MnO,
was involved in the reaction with Hg’ oxidation.
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Fig. 3. XPS spectra of Mn(10)-TiO,. (a)-(c) Ti 2p, O 1s and Mn 2p;, spectra of fresh and spent Mn(10)-TiO,; (d) Hg 4f spectra of spent Mn(10)-

TO,.
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TiO, 1 3 5 10 15

Fig, 4. Performance of TiO, and Mn(x)-TiO, on Hg’ removal. x=1,
3, 5, 10, 15 (N,/6%0,, 120 °C; adsorption time, 4 h; gas flow
rate, 2.2 L-min "’ catalyst mass, 0.5 g).

To determine the speciation of mercury on the surface of the
spent Mn(10)-TiO, catalyst, XPS analysis was performed and the
spectra of Hg 4f in the range from 94 eV to 110 eV are shown in
Fig. 3(d). The spectra of Hg 4{7/2 can be divided into two peaks at
100.9 eV and 100 eV, respectively. The peak at 100.9 eV was deter-
mined to be the response from the oxidized mercury, while the
peak at 100 eV was related to the weakly adsorbed Hg'. The results
indicated that Hg’ was adsorbed and then partially oxidized by the
chemisorbed oxygen on the surface of catalyst. The appearance of
Hg” on the spent catalyst surface was attributed to the adsorption
site and the strong affinity between oxidized mercury and Hg’ [21].
2. Performance of Mn(x)-TiO,

The effects of the Mn content on the Hg’ removal efficiency are
shown in Fig. 4. Ey, was only 6% for the pure TiO,, which was
similar to the results of Kamata et al. [22]. The removal efficiency
of Hg’ increased from 6% to 97% with the increasing of the Mn/
Ti molar ratio from 0 to 15. The positive effect of Mn loading con-
tent on the Hg” removal efficiency was attributed to the improve-
ment of the porous structure property of catalyst, as indicated in
Table 2. The better porous property promoted the physical adsorp-
tion process, and thus increased the probability of the contact
between Hg’ with the active site on the surface of Mn-TiO,. More-
over, the XRD results indicated that the addition of Mn enhanced
TiO, crystalline conversion from the rutile phase to anatase phase.
The catalytic activity of TiO, was also enhanced. After Mn*" entered
the TiO, lattice, some parts of Ti*" would be substituted, which
caused lattice distortion. More chemisorbed oxygen functional group
on Mn-TiO, surface was observed by XRD results, which enhanced

120 T
bypass. through catalysts
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Fig. 5. Effect of O, on the Hg’ removal over Mn(10)-TiO, (120 °C;
gas flow rate, 2.2 L-min"'; Mn(10)-TiO,; catalyst mass, 0.5 g).

the chemical adsorption and oxidation process of the Hg".
3. Effects of the Main Components in Flue Gas
3-1. Effect of O,

The positive effect of O, on the Hg” removal over the Mn(10)-
TiO, catalyst is shown in Fig. 5. A mass balance calculation was
also performed to ensure the accuracy and reliability of the experi-
ments and the results are shown in Table 3. Generally, the Mars-
Maessen mechanism was proposed to understand the reactions
on the surface of Mn(x)-TiO, catalyst [23,24]. The gaseous Hg’
was adsorbed on the surface of Mn(x)-TiO, to form Hg’(ad) by
physical adsorption and then was oxidized to HgO by the surface
oxygen O* [25,26] which included the lattice oxygen in manga-
nese dioxide and chemisorbed oxygen. Meanwhile, Mn*" was also
reduced to Mn*". The uptake of the lattice oxygen by mercury
over the catalyst was compensated by activating the gaseous oxy-
gen from the gas.

Hg'(g)—>Hg'(ad) @)
MnO,—>Mn,0,+0* ®
Hg'(ad)+0*—HgO ©)
Mn,0,+1/20,—>2MnO, (10)

Where O* refers the lattice oxygen in manganese dioxide and chem-
isorbed oxygen on the surface of Mn(10)-TiO,.
3-2. Effect of NO

In the literature, the effect of NO on Hg’ oxidation over metal
oxide catalysts in flue gas is not conclusive. Both promotional and
inhibitory effects have been reported [27,28]. In our study; a slight

Table 3. The mercury speciation and mass balance calculation for test condition of set 2 (adsorption time, 4 h, gas flow rate, 2.2 L-min’, cat-

alyst mass, 0.5 g)
. . Inlet (ug/m’) Adsorbed mercury Outlet (ng/m’) Mass balance
Experimental condition S > - S > n 0
Hg Hg™* Hg on catalysts (ug/g) Hg Hg™* Hg (%)
Mn(10)-TiO,, without O, 57.3 0.3 57.6 52.7 6.6 0.1 6.7 98.3
Mn(10)-TiO,, with 3% O, 582 23 60.5 56.7 45 0.1 47 96.5
Mn(10)-TiO,, with 6%0, 569 3.0 59.9 55.1 15 02 1.6 94.7

Korean J. Chem. Eng.(Vol. 33, No. 6)
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CZAE,,

Fig. 6. Effects of NO, SO, and H,O on mercury removal (Baseline:
N,+6%0,+600 ppm SO,+500 ppm NO; 120 °C; adsorption
time, 4h; gas flow rate, 2.2 L-min"; Mn(10)-TiO,; catalyst
mass, 0.5 g).

promotional effect of NO on Hg’ oxidation and capture over the
Mn(x)-TiO, catalyst was observed. As illustrated in Fig. 6, E};, and
E} increased from 91.6% and 89.2% to 96.1% and 96%, respec-
tively, with the increasing of NO from 42 to 500 ppmv. The possi-
ble reason can be attributed to the following pathway: Both Hg’
and NO are adsorbed on the surface of catalyst, and the adsorbed
NO can be oxidized on the surface of metal oxide catalysts by MnO,
to form abundant active species like NO, which is likely responsi-
ble for Hg’ oxidation [29,30]. However, the promotional effect was
not significant because the adsorption of NO on metal based cata-
lysts was weak [31].

2MnO,+NO—Mn,0,+NO, (11)
NO,+Hg"(ad)>NO+HgO (12)

3-3. Effect of SO,

In the literature, the effect of SO, on Hg’ oxidation over metal
oxide catalysts in flue gas is not conclusive. Promotional [32], inhibi-
tive [33], have all been reported. However, in our work, the effect
of SO, on Hg’ oxidation over the Mn(x)-TiO, catalyst was found
to be inhibitory. As shown in Fig. 6, the Ej, and Ej;, decrease
from 82.6% and 81.5% to 57.7% and 56.4%, respectively, with the
addition of SO, increasing from 42 ppm to 600 ppm. This indicates
SO, inhibited Hg" oxidation over the Mn(x)-TiO, catalyst. This
result could be attributed to the competitive adsorption for the active
sites between SO, and Hg’ on the surface of catalysts [34]. The
adsorbed SO, could react with the manganese oxide to form man-
ganese sulfate. Moreover, these adsorbed SO, could also react with
surface oxygen to form SO; [35,36], which consume the limited
surface oxygen. On the other hand, the new generated manganese
sulfate and SO; would occupy the active sites [35], leading to a fur-
ther decreasing of Hg’ adsorption.

3-4. Effect of H,O

Moisture is one of the main components of coal-fired flue gases
and often leads to lower catalyst performance. H,O has been re-
ported to inhibit Hg oxidation and removal over metal oxide cat-
alysts due to competitive adsorption [32]. A significant inhibitory
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Fig. 7. Mercury speciation distribution in effluent gas under com-
plex flue gas atmosphere (120 °C; time, 4 h; gas flow rate, 2.2
L-min"'; Mn(10)-TiO; catalyst mass, 0.5 g).

effect of H,0O on Hg’ oxidation was observed over the Mn-TiO,
catalyst in our experiments; the result is illustrated in Fig. 6. Under
the condition of Set 5 without H,O in simulated flue gas, EOHg and
E},, were 95.6% and 65.8%, respectively. When 2% H,0O was intro-
duced, E?,g and Egg decreased to 45.6% and 39.5%. As the water
vapor concentration further increased from 2% to 8% in the flue
gas system, E}, and Ef, decreased to 27.1% and 20.8%. These be-
haviors are consistent with the other literature [39]. The extent of
inhibition on Hg removal is proportional to the concentration of
water vapor. The inhibitory effect could be attributed to competi-
tive adsorption between Hg” and H,O on the catalysts surface. H,0O
would occupy the active sites and inhibit the adsorption of Hg’
[39]. H,O could also react with SO, to form H,SO,, which cov-
ered the active sites [29].
4. Mercury Speciation under a Complex Flue Gas Atmosphere
Mercury speciation in the effluent gas under complex flue gas
atmosphere was also investigated and the results given in Fig. 7. A
higher proportion of Hg** content in effluent gas was found under
N,+0,+5S0,+NO condition. This fact was attributed to the forma-
tion of the volatile mercuric nitrate Hg(NO,), on the surface of
Mn-TiO, catalyst. Olson et al. [40] also studied the Hg speciation
in the effluent gas under the NO,/SO, atmosphere used GC-MS
technique, and the results showed that the Hg** formed over MnO,
in the flue gas was mainly mercuric nitrate Hg(NO;),. Due to the
(79 °C) of Hg(NO;), [30], a part of Hg(NO;), would volatilize into
the flue gas at the experimental temperature (120 °C).
5. Thermal Stability of Mercury Captured on Mn-TiO,
Thermal stability of mercury captured by a sorbent/catalyst is
an important property because it relates to release of Hg to the gas
phase. Fig. 8 shows the reemission behavior of Hg captured on
Mn(10)-TiO, in temperature programmed desorption (TPD) exper-
iments in N,. Four different spent Mn(10)-TiO, catalysts, which
were used in the adsorption test under the pure N,, N,+6%O,,
N,+500 ppmNO and N,+600 ppmSO, atmosphere, were tested in
the TPD experiment. It was observed that the Hg release occurs in
a temperature range of 100 to 600 °C. The initial Hg release tem-
perature, around 150 °C, is a crucial parameter to determine the
optimum temperature (around 120 °C) for Hg’ capture in our study:
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Fig. 8. TPD-Hg profiles of the spent Mn(10)-TiO,.

Four TPD-Hg profiles show different Hg desorption peaks at dif-
ferent temperatures, which may be attributed to the different oc-
currence of mercury on the surface of Mn(10)-TiO,. The two lower
desorption temperatures peaks were related to the high volatile
property of elemental mercury and Hg(NO;), adsorbed on catalyst
under pure N, and N,+500 ppmNO atmosphere. But the two
higher temperature peaks (around at 290 °C) may be attributed to
the different reduction temperatures of HgO and HgSO, which
were generated under N,+6%0O, and N,+500 ppmSO, atmosphere
[41]. Note that more than 95% Hg captured on catalyst is released
during the TPD experiments.

CONCLUSIONS

Mn(x)-TiO, prepared by a sol-gel method exhibited high activ-
ity for the oxidation of Hg’ at 120°C. XPS results demonstrated
that Mn*" converted into Mn** in Hg’ oxidation process and Hg’
was oxidized into HgO. Since O, could replenish the surface oxy-
gen, it had a promotional effect on Hg® oxidation. Due to the con-
sumption of surface oxygen and competition for the active sites,
the presence of SO, in flue gas was not beneficial for Hg” oxida-
tion. The formation of NO, exhibited a positive influence on Hg’
oxidation while introducing NO in flue gas. H,0 showed an inhib-
itory effect on Hg’ removal and capture. The inhibitory effect can
be explained by its competitive occupancy of adsorption sites and
displacement of adsorbed Hg® on the surface of catalyst. The simul-
taneous presence of NO and SO, resulted in a significant increase
of Hg™" concentration in the outlet flue gas, which may be attributed
to the formation of Hg(NO3),.
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