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The titania nanotubes (TNTs) which generated by hydrothermal method has been used for the removal
of elemental mercury (Hg?) in the flue gases. Synergistic photocatalytic oxidation and adsorption were
observed in this system, which resulted in an increasing tendency of removal efficiency. Results from
the Hg? removal experiments demonstrated that TNTs was a wonderful catalyst and adsorbent for the
removal of elelmental mercury and the removal efficiency was controlled by both morphology and crystal
form of the TNTs. With calcination temperature of 500 °C, the TNTs showed the best removal performance

© 2011 Published by Elsevier B.V.

1. Introduction

Mercury is one of the most hazardous air pollutants for its neuro-
logical toxicity, volatility, persistence, and bioaccumulation, which
pose a great threat to both human health and organism security
[1-4]. Among human activities, coal combustion made the great-
est contribution to anthropogenic source of mercury emission.
In the coal fired flue gas, three forms of mercury may present:
elemental mercury (Hg?), oxidized mercury (Hg2*) and particle
bound-mercury (HgP) [5,6]. During coal combustion, elemental
mercury is released and partly oxidized to Hg2* in the flue gas. The
adsorptions of Hg® and Hg2* on solid surfaces (e.g., fly ash particles)
lead the formation of the particle-bound mercury. Particle-bound
mercury (HgP) can be easily removed by dust collection. Further-
more oxidized mercury is soluble in water and easily adsorbed on
solid surfaces to achieving its removal [7]. However Hg? is neither
soluble in water nor easily adsorbed. It has a lifetime of 1-2 years in
the atmosphere and can be transported over long distances to cause
global mercury pollution. Therefore, removal of Hg? emitted from
the flue gas has been a great challenge to minimizing the emission
of mercury.
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Various processes, such as oxidant injection, catalytic oxi-
dation, and photocatalytic oxidation, were developed for the
removal of Hg? in the flue gas [8-14]. Recently, the progress
in the photocatalytic oxidation of Hg® gave us a new sight
for this novel method [15,16]. Due to the great efforts of Wu
et al., TiO,-based nano-particles such as TiO, doped on silica
gel, Si0,-TiO, nano-composites and SiO,/V,05/TiO, compos-
ite catalyst, have demonstrated greater than 90% Hg® removal
under UV irradiation in room conditions [17-20]. With the
following studies by Lee and co-workers [21-23], the effects
of flue gas components on the photocatalytic oxidation of
Hg capture were also studied. They also found that the
removal of Hg® based on a photocatalytic oxidation-adsorption
mechanism. The oxidized Hg on the photocatalyst surface
would be a great benefit to the proceeding adsorption of
Hg?.

For the development of second-generation photocatalyst, the
structure modification of catalyst currently remains to be an impor-
tant issue [24-29]. TiO, nanotubes (TNTs), which have unique
tubular structures and large surface area might be a wonder-
ful photocatalyst for the removal of Hgl. In this paper, TNTs
was synthesized by a hydrothermal method under the differ-
ent calcination temperatures. The photocatalytic performance
and Hg? adsorption ability investigation of TNTs were based on
the Hg® removal experiments in simulated flue gas. With the
analysis of physicochemical properties, the relationship between
the activity, calcination temperature, and tubular structure was
discussed.
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Fig. 1. The schematic diagram of the experimental system.

2. Experimental
2.1. Preparation of TNTs

The titania nanotubes (TNTs) were synthesized by a hydrother-
mal method which was developed by Kasuga et al. [28] In typical
preparation process, 2.0 g TiO, powder (P25, Degussa AG, Germany)
was mixed with 70 mL of 10 M NaOH aqueous solution by magnetic
force. The solution was moved into a 100 mL polyflon (PTFE) auto-
clave at 150°C for 24 h as follow. After that, the slurry was filtrated
and washed with 0.1 M HCl solution and distilled water until the
pH value of the rinsing solution reached 6.5. Finally, the washed
samples were dried at 80°C for 12 h, and further calcined at four
different temperatures (300°C, 400°C, 500°C and 600°C) for 1h
in air to get four types of TNTs (presented as TNTs —x, x was the
calcination temperature).

2.2. Characterization of catalysts
X-ray diffraction analysis (XRD) of the catalysts was performed
on a Rigaku diffractometer (D/Max RA) at 40kV and 150 mA (Cu

Ko=1.542A), at an angle of 26 from 10° to 80°. The scan speed
was 1°/min. The morphology, structure and crystal size of the
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Fig. 2. Fractional Hg? outlet concentration for Degussa P25.
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Fig. 3. Fractional Hg? outlet concentration for TNTs-400.

samples were examined by scanning electron microscope analysis
(Sirion200, USA) and transmission electron microscopy (JEM-2010,
Japan). Analysis of the surface element distributions of the fresh
samples and the adsorbed mercury compound on the used sam-
ples was conducted by X-ray photoelectron spectroscopy (Thermo
ESCALAB 250, USA). The specific surface area of the samples was
determined by Brunauer-Emmett-Teller (BET) method (ASAP 2020,
USA).

2.3. Experimental studies

Fig. 1 shows a schematic diagram of the experimental sys-
tem. The simulated flue gas was consisted of three gas flows, pure

Table 1
Physical properties of the prepared TNTs.

Calcination Sger (M?/g) Pore volume (cm3/g) Pore size (A)
temperature (°C)

Uncalcined 337 1.28 145

300°C 357 1.36 152

400°C 146 1.20 329

500°C 119 1.06 358

600°C 74 0.84 455
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Fig. 6. XRD patterns of TNTs calcined at different temperatures.
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Fig. 5. XPS spectra of the used TNTs (a. survey spectra, b. Ti2p band, c. O1s band, d. Hg4f band).
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Fig. 7. TEM images of TNTs: (a) uncalcined, (b) TNTs-400, (c) TNTs-500, (d) TNTs-600; and SEM images of TNTs: (e) uncalcined, (f) TNTs-400, (g) TNTs-500, (f) TNTs-600.

N, was divided into two streams as the carrier gas and dilution
gas, and third gas stream was O,. The carrier gas stream passed
through the surface of a liquid Hg® reservoir and introduced Hg®-
vapor-laden air into the system. The HgP reservoir was placed
in an oil bath (70°C) to maintain a constant Hg® vapor pressure.
The reactor was a ringlike fixed-bed photocatalytic reactor, which
included two concentric quartz glass tubes (@ 6.2cm x 32cm, @
5.0cm x 32 c¢cm) and a spiral polyflon stand rotated with the inner
quartz glass tube in order to dispersing the gas flows. UV lamp
(20W, A=365nm) set on the centerline of reactor. The catalysts
were doped on a strip of woven glass fabric used a dip-coating
method that reported in our previous work [30]. The coated fab-
ric was rotated around the inside quartz glass tube and fixed on the
polyflon stand as well. In all experiments, the weight of catalyst
coated was kept to be 0.6 g+ 10%. In a typical condition, the simu-
lated flue gas (O, concentration: 5%) passed through the reactor at
a flow rate of 1.0 L/min with an empty bed retention time (EBRT)
of 12.6s.

Cold vapor atomic absorption spectrophotometry analyzer
(SG921, Jiangfen, China) was used as the continuous monitor to
measure the inlet and outlet Hg® concentration continuously, and
the data was recorded with a data acquisition system (N-2000,
China). A dilution gas (v/v=1:1) was also introduced into Mercury
analyzer (Lumex, Russia) to certifing the Hg® concentration in the
simulated flue gas. The inlet Hg® concentration in this work was
between 300 + 15 pg/m?3.

3. Results and discussion
3.1. Photocatalytic oxidation—adsoprtion behavior of TNTs-400

The photocatalytic oxidation-adsorption experiment was sim-
ilar to the experiment of Wu et al. [17-20]. The inlet and outlet
Hg® concentration were measured continuously. At first, the sim-
ulated flue gas was passed through the reactor for 10 min and the
initial adsorption capacity of Hg? was recorded. Then, UV light was
turned on for 5 min-photocatalytic oxidation stage of Hg®, and then
turned off for 10 min-adsorption stage for Hg®. Another five UV
on/off cycles were repeated, and the final Hg® removal efficiency
was recorded. Fig. 2 is the oxidation-adsorption behavior for P25.
After five cycles, the adsorption capability of P25 was significantly
improved, but the adsorption efficiency of final section was only
reached 80 percentages. Due to the economic performance of our
technology, it is important to improve the adsorption capability of
catalyst.

As shown in Fig. 3, the TNTs, which calcined at 400°C were
used for six cycles of adsorption/photocatalytic oxidation. The cat-
alyst showed a small initial adsorption capacity for Hg? in the first
10 min adsorption stage without the irradiation of UV light. In the
followed photocatalytic oxidation phase stage, the outlet Hg® con-
centration quickly dropped when the UV light was turned on and
maintained at a low level during this 5min. The outlet Hg® con-
centration decreased to 50% of first adsorption stage in the end of
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Fig. 8. Fractional Hg® outlet concentration for TNTs calcined at different temperatures (a. uncalcined, b. TNTs-300, c. TNTs-500, d. TNTs-600).

second adsorption phase. In the photocatalytic oxidation stages, the
removal efficiencies were always high (near 100%). But an obvious
increasing trend was investigated in the ordinal adsorption stage.
The Hg? removal efficiency was more than 90% even without UV
irradiation in the final cycle. It was suggested that the synergy
effect existed between photocatalytic oxidation and adsorption,
similar to the theory proposed by Wu et al. [17,18,21]. With the
tubular morphology of the TNTSs, vast surface area and diverse pore
structure were provided. Abundant hydroxyl (OH) radicals were
generated on TNTs surface with the UV irradiation, which could
immediately react with Hg® to form HgO. Thus high removal effi-
ciency could be easily achieved when the UV light was on. Some of
the generated HgO deposited on the surface and the pore of catalyst.
Because of the high affinity between Hg® and HgO, the deposited
HgO decreased the contact angle between Hg® and catalyst, and
enhanced the adsorption of Hg®. Then the adsorbed Hg® will be oxi-
dized to HgO in next photocatalytic oxidation phases to capturing
more HgO.

In order to confirm this mechanism, the TNTs-400 was con-
tinually reacted for 100h in accordance with the cyclic model
mentioned before (Fig. 4). The Hg® removal efficiency of TNTs-
400 maintained at 90% during 100 h reaction. X-ray photoelectron

spectroscopy was performed to study the surface element distribu-
tions of the used TNTs. Fig. 5d presents the XPS spectra in the Hg4f
region. The peaks located at 100.6 and 104.6eV (4f;, and 4fs);)
were corresponding to oxidized mercury (HgO) [7]. The presence
of HgO in the used TNTs indicated that the photocatalytic oxidation
of Hg® was occurred and the generated HgO was partly deposited on
TNTs.

3.2. Crystal structure and morphology of TNTs

Fig. 6 shows the XRD patterns of the TNTs calcined at differ-
ent temperatures. The uncalcined TNTs and TNTs-300 showed two
vague peaks located at the 260 degree of 25.2° and 62.58°, which
were announced to anatase phase. Obviously, anatase crystals were
few in original nanotubes, and anatase crystal could not formed by
calcination at 300 °C. With the increase of calcination temperature,
the anatase crystals were formed and enlarged, according to the
obvious appearance of anatase phase peaks, which were observed
at the 20 degree of 25.2°, 37.8°, 47.98°, 54.0°, 55.06°, 62.58°, 68.9°
and 75.18°. The anatase phase of TNTs was the preferred crystalline
for the photocatalytic reaction, which provided the excellent pho-
tocatalytic capability.
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Due to the hybrid photocatalytic oxidation-adsorption reac-
tion, the removal efficiency was controlled not only by crystal
phase of the catalysts but also the morphology of catalysts. Table 1
list the surface area and pore size of these prepared TNTs. The
surface area and pore volume were decreased with the calcina-
tion temperature; and on the contrary the pore diameter was
increased.

TEM and SEM images (Fig. 7) are shown for uncal-
cined TNTs, TNTs-400, TNTs-500 and TNTs-600. The nan-
otube structure was clearly observed in uncalcined TNTs. In
the 400°C-treared and 500°C-treared nanotubes, some rod-
like particles were observed beside nanotubes. Increasing the
temperature to 600°C, the nanotubes were completely trans-
formed to rodlike particles, which indicated the sintering of
tubes.

3.3. Removal capacity of TNTs with different calcination
temperature

The structure and crystal phase of TNTs would vary with cal-
cination temperature [11]. The TNTs were calcined at 300°C,
400°C, 500°C and 600 °C respectively to finding out the optimum
synthesis conditions. In Fig. 8, the TNTs prepared by different
calcination temperatures (uncalcined, 300°C, 500°C and 600°C)
were used as photocatalyst and adsorbent for six cycle reaction
of adsorption/photocatalytic oxidation. These tested samples had
the excellent Hg® removal efficiencies, even the uncalcined nan-
otubes obtained good removal efficiency above 70% in the last
cycle. Thus it was verified that the nanotube structure could
enhance the synergistic effect between the photocatalytic oxida-
tion and the adsorption. Combined with Fig. 3, the best removal
efficiency was obtained at 500 °C, and then the efficiency tends to
be decreased with further high calcination temperature. With the

. HgO

Fig. 9. Photocatalytic oxidation and absorption mechanism for TNTs.

UV Light

---OH-

increasing of calcination temperature, the surface area and pore
volume decreased. Therefore the deposition sites of HgO might rel-
atively less in the TNTs with high calcination temperature compare
to the TNTs with low calcination temperature. But as shown in
Figs. 3 and 8, the Hg? adsorption capacity of TNTs calcined at high
temperature (except 600 °C) was larger than that of TNTs calcined
at low temperature. The increase of pore diameter might provide
an opened pore structure to enlarge the adsorption capacity of
TNTs calcined at high temperature. Furthermore, the nanotubes
were completely sintered to rodlike particles with 600°C calci-
nation, thus the advantage provided by nanotubes structure was
disappeared.

We proposed the mechanism of photocatalytic oxidation and
absorption reaction on TNTs and showed it in Fig. 9. In the
photocatalytic oxidation section, abundant hydroxyl (OH) radi-
cals were generated on TNTs surface with the UV irradiation. It
could immediately react with Hg® to form HgO. Also the gener-
ated HgO were deposited on the surface and the pore of catalyst.
In the adsorption section, the deposited HgO decreased the con-
tact angle between Hg? and catalyst because of the high affinity
between Hg® and HgO. Thus the adsorption capability of Hg? was
enhanced. Furthermore, mercury oxide deposited on TNTSs surface
is also a semiconductor, which can form composite semiconduc-
tor to improving the photocatalytic activity. In next photocatalytic
oxidation stage, the adsorbed Hg® will be oxidized to HgO for
capturing Hgl. These above were responsible for the increasing
tendency of mercury removal efficiency. As reported in the lit-
erature, the vapor of HCl could release the HgO deposit on the
catalyst surface successfully [11]. Furthermore, the solution of HCI
also could wash down the HgO on the surface of used TNTs cat-
alyst. Thus, the vapor of HCl and the solution of HCl could be
use as the potential regeneration methods for the used TNTs with
HgO.
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4. Conclusion

In this study, titania nanotubes with vast surface area and
high porosity were used for the removal of Hg® in the flue gas.
It was verified that the nanotube structure could enhance the
synergistic effect between the photocatalytic oxidation and the
adsorption. The TNTs samples showed an excellent removal effi-
ciency (>90%) for 100h, and this high removal efficiency was
ascribed to the synergistic effect between the photocatalytic oxi-
dation and adsorption. With the calcination temperature of 500 °C,
the TNTs showed the best removal performance of elemental mer-
cury. The nanotubes structure was sintered to rodlike particles with
600 °C calcination, and then the removal efficiency of TNTs-600 was
decreased.
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