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ABSTRACT

A carbon-containing titanium dioxide (C-TiO;) photocatalyst was prepared via ethanol impregnation
using commercial Ishihara ST-01 TiO, powder as the precursor. Scanning Electron Microscopy and X-ray
Diffractometry results indicated that raw ST-01 and C-TiO; had similarly globular shapes and presented
in anatase phase. N, adsorption isotherms suggested that carbon impregnated on the TiO, surface could
slightly reduce the total surface area and pore volume. X-ray Photoelectron Spectroscopy and Fourier
Transform Infrared Spectroscopy examinations further supported the formation of various C-functional
groups on the C-TiO, surface. Removal of low-concentration Hg® by raw and C-TiO, was enhanced with
increasing O, concentration. Furthermore, because the existence of C-functional groups on the C-TiO;
surface, the photoinduced hydrophilicity resulted from light irradiation appears to decrease, causing less
adsorption competition from H,0 for Hg® adsorption at higher temperature. The reemission of adsorbed
Hg species could thus be significantly decreased by carbon impregnation.

© 2017 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Exhaust of mercury (Hg) through anthropogenic sources is a
global issue due to its stability, bioaccumulation in ecosystems,
and severe neurotoxic impacts on human health. Coal-fired power
plants have been recognized a major source for significant Hg
exhausts [1]. However, successful control of the low-level Hg (i.e.,
at 1-10 pg Nm~2 level) existing in the flue gases when coal is
burned is difficult to achieve. Generally, elemental (Hg®), oxidized
(Hg?*), and particle-bound (Hgp) Hg are the three major Hg spe-
cies in emission gases [2]. Several approaches have been
employed to remove low-level Hg from combustion gas streams.
Traditional air pollution control devices (APCDs), namely elec-
trostatic precipitators and wet flue gas desulfurization, can readily
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remove Hg, and Hg?* from flue gases. Hg? is insoluble in water
and highly volatile; therefore, it is scarcely controlled with the
traditional APCDs.

Titanium dioxide (TiO;) has been well demonstrated in terms of
its excellent oxidative abilities in numerous environmental appli-
cations [3—6]. TiO, absorbs photons and generates active oxygen
species (e.g., Oz ions and OH radicals) via reactions with O, and
H,0 adsorbed on its surface [7]. These active oxygen species
possess high oxidation potentials to decompose various contami-
nants in gaseous and aqueous phases [8,9]. Some researchers have
reported that TiO, photocatalysis can be an innovative approach for
HgP oxidation and removal. For instance, others removed Hg from
combustor exhaust by using titania particles irradiated with ul-
traviolet (UV) light [10,11]. Pitoniak et al. employed SiO;—TiO;
composites to remove Hg vapor under UV irradiation [12] and
further suggested that both Hg® and Hg?* were captured by the
Si0,—TiO, composites [13]. ACPDs can then subsequently capture
the Hg-containing TiO, nanoparticles to achieve Hg abatement in
gaseous phase [10].
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In our previous works, Al- and Cu-doped TiO, nanoparticles
were fabricated using a single-step method with the assistance of a
non-transferred DC thermal plasma system [14,15]. Thermal
plasma could provide sufficient energy to dope metal into the
crystal structure of TiO,, causing a substitution of metal for Ti
instead of only physical deposition of metal onto the TiO, surface.
Hg breakthrough tests indicated that the doped Cu in TiO; mini-
mized desorption of Hg under high moisture condition [15].
However, the expensive and energy-consuming thermal plasma
equipment limits its potential application on surface modification
of photocatalysts from practical aspects. In contrast, aqueous-phase
impregnation followed with low-temperature thermal treatment is
more economically feasible and widely applied to alter the surface
of photocatalyst nanomaterials.

One of the key findings in our previous studies was that hu-
midity strongly inhibited the adsorption of Hg® resulting in a sig-
nificant release of the adsorbed Hg species from the raw and
surface-modified TiO, surface [15,16]. Therefore, to increase the
adsorption of Hg®, surface functional groups that can form a strong
bond with Hg® (such as N-containing groups) [17] or can enhance
the hydrophobicity of the TiO, surface limiting the competitive
adsorption of Hg® from H,0 should be generated on the TiO, sur-
face. A number of studies have reported the photocatalytic effec-
tiveness of carbon (C)-doped and C-impregnated titania materials
[18—24], in which the researchers proposed that carbonaceous
species may act as sensitizers when UV or visible-light (VL) irra-
diates. One of these studies used n-hexane to modify anatase-phase
titanium dioxide. The carbon deposition on the surface of TiO,
formed —CH3 (alkenes) groups, which reduced the extent of hy-
droxyl groups on the titanium dioxide surface, and as a result,
altered the TiO, surface from hydrophilic to hydrophobic [25].

This research investigates the effectiveness of C-containing
TiO, (C-TiOy) on removal of low-level Hg® (i.e., in pg Nm~3 level).
In our previous research, using thermal plasma fabricated Cu-
TiO, with hydrophobic surface to inhibit competitive adsorption
between H,O and Hg® was successful but considered energy-
inefficient. In contrast, in this study, a simple impregnation fol-
lowed by low-temperature calcination was selected to introduce
the C-functional groups onto the TiO, surface. The proposed C-
impregnation method could lead to hydrophobic surface of TiO,
for reducing competitive adsorption of Hg® from H,0 in a humid
circumstance, which is well known to significantly decrease the
Hg removal efficiency of TiO, even though low-level moisture is
present. The Hg® removal effectiveness of raw and C-TiO, with
the existence of O,, H0, different light irradiation, and various
test temperature was investigated and discussed. The presented
work additionally focused on the hydrophobicity enhancement
provided by the introduction of C-functional groups and the
subsequent competitive adsorption effects of H,O on Hg®
removal. To the best of the authors' understanding, this is the first
study to use C-impregnated TiO, for testing Hg® removal at
pg Nm~3 level.

2. Experimental methods
2.1. Preparation of carbon-containing TiO, photocatalyst

C-containing TiO, nanoparticles were prepared via impregna-
tion using anhydrous ethanol (CH3CH,OH) liquid as the carbon
source and commercial titanium dioxide ST-01 (Ishihara Sangyo
Kaisha, Japan), 100% anatase phase as the precursor. ST-01 TiO;
powder of 10 g and 100 mL CH3CH,OH were initially mixed, and
then it was agitated at 500 rpm for 1 h. The precipitated TiO, was
dried in the hot plate at 70 °C and the dried powder was then
calcined in air at 200 °C for 5 h. After calcination, the sample was

cooled to room temperature and stored for characterization and
Hg® removal experiments.

2.2. Characterization of raw and C-containing TiO, nanoparticles

The morphology of synthesized C-TiO, and raw ST-01 nano-
particles was analyzed using a transmission scanning electron
microscope (SEM, Hitachi S-4800). Powder X-ray Diffractometry
(XRD, PANalytical X'Pert PRO) with 45 kV accelerating voltage and
40 mA applied current was applied to identify the crystal structure.
The scan range (20) of the XRD was set from 20° to 80° with a
scanning rate of 0.02° s~ L. The crystalline phases were character-
ized with the database of the Joint Committee on Powder Diffrac-
tion Standards. Brunauer—Emmett—Teller (BET) specific surface
area (Spgr) and total pore volume (Vi) Were examined using a
Quantachrome NOVA 2000 on the basis of the N, adsorption iso-
therms obtained at 77 K. The surface functional groups of raw and
resulting samples were determined using X-ray photoelectron
spectroscopy (XPS, VG Scientific ESCALAB 250) and a Fourier
transform infrared spectrometer (FTIR, Excalibur series FTS-3500).
The XPSPEAK® software was used to deconvolute the XPS data.

2.3. Hg adsorption/desorption tests

Raw ST-01 and the resulting C-TiO; samples were evaluated for
their removal efficiency of low-level Hg’. The experimental
apparatus and methods resemble our previous researches [16,17].
The test equipment consists of key components including a
photochemical reactor, a mixing gas generation portion, and a data
acquisition system. Hg® was released from a certificated Hg®
permeation tube (VICI Metronics) at 70 + 0.1 °C to produce a
constant Hg? diffusion concentration. The gas stream with known
concentration of Hg® mixed with N, O,, and water vapor was then
generated with given moisture content. The mixing gas then
flowed through a temperature-controlled reactor and heated
Teflon tubes in which moisture condensation was prevented.
Because the extremely low-concentration Hg® flue gas stream (i.e.,
<10 pg Nm~3) in a typical Taiwan coal-fired power plant is difficult
to stably generate in our test system; in this study, Hg%-containing
gas with concentration of 15 + 5 ug Nm~> was prepared and
flowed at a rate of 1.2 standard L min~! passing the reactor which
contained 5 mg of samples homogeneously distributed onto eight
pieces of glass. The photochemical reactor was irradiated with UV
or VL. The wavelength of UV lamp (F10T8BLB, Sankyo Denki) is
325—400 nm with a sharp peak exhibiting at 364.5 nm. A house-
hold halogen lamp (ESS-DE-500W, Philips) was applied as a VL
source, which possessed a broad peak between 450 and 800 nm.
Two different spectra (UV and VL) were verified through a spec-
trophotometer (Ocean Optics, USB2000). The photochemical
reactor was irradiated by two UV lamps. The lamps were located
at around 5 cm from the reactor; the UV intensity (3.5 +
0.5 mW cm~?) was identified by a Lutron YK35-UV light meter.
Since the halogen VL lamp possessed strong light irradiation, the
distance between the reactor and halogen lamp was about 40 cm
to confirm the VL intensity at 3.8—4.5 mW cm~2 according to the
Lutron LX-103 light meter. Because the VL lamp still emitted a
certain UV (0.01-0.03 mW cm2), a thin polycarbonate plate UV
filter was set between the VL lamp and reactor to avoid potential
UV interference.

The Hg® removal experiments were carried out at three different
temperatures and atmospheric pressure. Firstly, the photocatalytic
reactions were performed at approximately 25 °C (i.e., room tem-
perature). Elevating the experimental temperature, however, may
further increase catalytic oxidation but decrease the adsorption of
Hg species [16,17]. In order to clarify the effects of reaction
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temperature, Hg removal experiments at 50 and 100 °C were also
performed. The exhaust gas from the reactor passed through heated
lines to an impinger containing 20% SnCly(aq) which can transform
any oxidized Hg compounds into Hg®. And then, the gas passed
through an impinger containing 12% Na;COs(aq) to ensure the gas
acidic component free. Across the impinger, the gas passed a Nefion
tube to remove H;0 to protect the downstream detector system. The
exhaust gas from the impinger solution then flowed through a gold
amalgamation system (Brooks Rand model AC-01) in which the gas
phase Hg® was adsorbed. Hg® on the gold amalgam was then ther-
mally desorbed (> 400 °C) and delivered as a concentrated gas-
phase Hg? to a cold-vapor atomic fluorescence spectrophotometer
(CVAFS; Brooks Rand Lab Model III) for analysis. Before the exhaust
passed to the fume hood, all streams were flowed through a carbon
trap. A test run used 6 min; each experimental condition was
employed for 10 runs. The average Hg® removal efficiency (Ecap) of
the total test runs was then determined as

o 1 Hgo _HgT,
ECGP(A):EZIHTMX‘IOO (1)
n

where Hg?n represents the inlet Hg® concentration, Hgroy: denotes
the outlet Hg concentration, which includes the original Hg® and
the Hg? reduced from the photocatalytic Hg>*, and n for here is 10
(runs). The blank test (without photocatalyst) of experimental
equipment was also performed; the results demonstrated negli-
gible Hg® removal for all experimental conditions.

3. Results and discussion
3.1. Physical and chemical properties of raw and C-containing TiO>

The SEM images of the commercial ST-01 nanoparticles and the
sample after carbon impregnation, designated as C-TiO, are shown
in Fig. 1. Significant changes on the surface morphology and the
particles size were not observed for the samples after carbon
impregnation and calcination at 200 °C. The form of the synthe-
sized samples was shown to be spherical and the nanoparticle size
was approximately 20—30 nm.

Fig. 2 illustrates the XRD patterns of raw ST-01 and C-TiO,
nanoparticles. The crystal phase of the resulting C-TiO, sample was
similar to that of the raw ST-01. The peaks of XRD pattern for the
(101), (004), (200), (105), and (211) reflect characteristics of the
TiO, anatase phase appeared in raw and C-TiO,. These experi-
mental results suggest that the rutile phase is not generated during
the impregnation process, mainly attributed to the low calcination
temperature at 200 °C.

In contrast to particle size, morphology, and XRD patterns,
changes in Sggr and Vi between raw ST-01 and C-TiO, were
observed. The Sger and Vi of the test sample decreased from
266 m? g~ ! and 0.637 cm® g~ ! for raw ST-01 to 246 m? g~ ! and
0.624 cm?® g~ for C-TiO,. Others also reported that a decrease in
surface area while TiO, was modified by carbon impregnation
[26,27]. The decrease in Sggr and Vi of the sample as a result of
pore blockage may be caused due to the introduction of the carbon
groups, generated from the anhydrous ethanol, deposited onto the
TiO, surface. The decrease in surface area and pore volume may
also stem from the slight growth of nanoparticles due to C
impregnation.

The XPS spectra of C1s for the C-TiO, are shown in Fig. 3. Three
XPS peaks at 284.9, 286.4, and 288.9 eV were deconvoluted from
the C1s peak, representing the presence of adventitious elemental
carbon (C—C), C—O/COR(H), and C=O0, respectively [20,22—24,
28,29]. The peaks of binding energy at 286.4 and 288.9 eV

y
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Fig. 1. SEM images of raw ST-01 and C-TiO, nanoparticles.
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Fig. 2. XRD spectra of raw ST-01 and C-TiO,.

corresponded to the oxidized carbon species from alcohol [30].
These results suggest that carbonaceous species such as a
condensed and coke-like structure may exist on the surface of
synthesized sample. These two peaks may also imply the presence
of carbonate species in forms of an interstitial dopant [31]. Never-
theless, the formation of interstitial carbon during C-TiO; synthesis
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Fig. 3. The deconvolution of C1s XPS spectra for C-TiO, sample.

requires vast energy. Additionally, the Ti-C structure (binding en-
ergy at 281 eV) was not measured due to the temperate calcination
condition as well. Therefore, the impregnation temperature at
200 °C in this study should not lead to the production of interstitial
carbon.

FTIR was further applied to scrutinize the carbonaceous species
on the synthesized C-TiO,, as shown in Fig. 4. The FTIR analysis on
raw ST-01 showed two peaks at 1635 and 2900—3800 cm™!; the
first peak stood for the OH group of ST-01 surface and the second
broad peak corresponded to the surface adsorbed water molecules
[32]. After carbon impregnation, two peculiarly broad peaks at 1434
and 1546 cm~! shown in C-TiO; corresponded to the conglomer-
ation of COOR, C—H, C=C, and C—O0 functional groups [32,33]. The
foregoing functional groups can be attributed to acetate-like com-
pounds [33]. The broad peaks at 1434 and 1546 cm™! also corre-
sponded to the deconvoluted results of binding energy peaks at
286.4 and 288.9 eV in the XPS spectra. Several metal and anionic
atoms, including the carbonaceous species bound to TiO,, have
been shown to conduct e~ easily while the e~ was generated from
the TiO; by irradiation; correspondingly, the C-containing titania
may possess the lower efficiency for recombination of e /h™ pairs
[34—39].

(1434) —__ STO1

f»/;/<1546) C-TiO,
S oo . .
o irl oH i i
o Pt : :
g i 10 s :
§ : OH
= P P (2900-3800) |
Py — —

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig. 4. FTIR spectra of raw ST-01 and C-TiO, photocatalysts.

3.2. Hg removal with raw and C-TiO» and discussion on adsorption/
desorption mechanisms

Fig. 5 show the Hg adsorption and desorption dependence of
raw ST-01 and C-TiO, nanoparticles on various test conditions,
including the presence of humidity, various O, concentration, the
type of light sources, and three different temperatures at 25, 50,
and 100 °C. These conditions were alternately examined by grad-
ually elevating the O, concentration from O to 6 and then to 21%
combined with bringing in H,O (approximately 25% relative hu-
midity) and UV/VL irradiation to the photoreactor. The average Hg®
removal efficiency (Ecip) of raw ST-01 and C-TiOp are further
calculated and summarized in Tables 1 and 2 respectively for
clarity. Firstly, tests were performed under dark condition with 0%
03 and dry (i.e., moisture < 0.1 vol%) at 25 °C. It was observed that

0% O, 6% O, 21% O,
;. dry ‘ humid dry humid dry humid
@ - UV VL UV VL UV VL UV VL Uv VL Uv VL
1.6
——C-Ti0,
1.4 1 Desorption O STOITiO:
&
<
O
Adsorption
0.4 4 ‘
;
(b) 1.8 - '
Uv VL UV VL UV VL Uv VL UV VL UV VL
1.6
Desorption C-Tio,
1.4 O ST-01 TiO,
1.2 4
/
O 10 4
p
0.6 -
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0.4 ‘
© '8
UV VL Uv VL UV VL UV VL UV VL UV VL
1.6 4
. —&—C-TiO,
il Desorption O--ST-01 TiO,
o
O
<
@)
)
0.6 - .
Adsorption
0.4
;
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Runs

Fig. 5. Hg? breakthrough behaviors for ST-01 and C-TiO, nanoparticles at (a) 25 °C, (b)
50 °C, and (c) 100 °C.
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Table 1
Average Hg removal efficiency (Ec,p in %) for raw ST-01 TiO, sample at different test
conditions (n = 10).

Dark uv VL

25°C 0% O,-dry -15+28 20.6 + 44 —-42+99
6% O,-dry -1.8+26 240+ 44 11.0+£83
21% 0,-dry 79+99 31.5+5.0 367 +14
0% Op-humid -91+27 188 +5.3 02+83
6% O,-humid -9.7 +3.0 182 +6.3 6.4 +72
21% Op-humid 289+23 484+ 35 515+ 1.1

50°C 0% Op-dry -48 +1.5 194 + 4.5 —6.3 + 10.5
6% O,-dry -23.8 £3.7 79 +58 -104 + 133
21% O-dry -19.5 £ 3.7 22.6 + 135 314+ 24
0% Op-humid -19.6 + 1.1 8.5+ 8.0 -152 £ 11.7
6% O,-humid —33.6 +3.1 3.8 +58 -14.1 +13.6
21% Op-humid 147 £ 35 432 +49 437 +33

100 °C 0% Op-dry -38+45 9.1+3.6 —-32+3.1
6% Op-dry -89+14 131+ 57 -94+88
21% O-dry -14+1.0 242 + 84 158 £ 6.7
0% O,-humid -84+1.0 49+ 132 -7.6 +6.5
6% Op-humid —20.6 + 44 6.0 + 9.7 —-43+53
21% Oy-humid 118+ 1.2 339+82 259 +4.9

Table 2

Average Hg removal efficiency (Ec,p in %) for C-TiO, sample at different test condi-
tions (n = 10).

Dark uv VL

25°C 0% O-dry 08 +24 22.1+45 3.8 +85
6% Oy-dry -09+23 243 +49 11.5 +10.1
21% Oy-dry 84 +4.7 350+ 5.5 382+23
0% Op-humid -56+15 212+54 20+95
6% Oz-humid -89 +38 20.7 + 4.3 10.1 +11.9
21% Oy-humid 299 +3.1 50.8 + 3.8 516+ 1.6

50°C 0% O,-dry 34+13 272 +39 72+79
6% O,-dry -6.1+27 223 +58 22+127
21% 0-dry -93+5.2 264 +72 24070
0% Op-humid -3.0+26 176 +7.8 -59 +10.9
6% Oy-humid -263+114 15.6 £ 6.5 -9.0 + 143
21% 0p-humid 9.6 + 8.0 40.0 + 5.5 348 + 7.1

100 °C 0% O,-dry 3.6+ 1.8 13.7 + 3.6 0.2 + 3.1
6% Oy-dry -0.6+22 122 + 3.1 -0.7 +4.7
21% Op-dry -04+16 234+59 139+54
0% O,-humid —-3.7+3.6 54 +6.8 -3.0+6.5
6% O,-humid -64+13 51+6.7 -7.7 +10.7
21% O2-humid 104+ 1.5 31.8 +6.5 262 +4.7

fast Hg breakthrough (Runs 0—10 in Fig. 5a) occurred, indicating
that most of Hg® immediately flowed through the photoreactor
(Ecap was approximately —1.5% in raw ST-01 and 0.8% in C-TiOy;
Tables 1 and 2). This observation was expected and similar with our
earlier works because the main Hg species at arid, O,-free, and dark
condition was Hg®, under which a strong binding between Hg® and
the TiO surface was difficult to form [16,40]. In contrast, Ecap
significantly increased to 20.6% for raw ST-01 (Table 1) and 22.1% for
C-TiO, (Table 2) when UV started to irradiate (Runs 11—20 in
Fig. 5a). These results indicate that both nanoparticles have greater
photocatalytic potentials to transform Hg® into Hg?* with their
inherent surface-adsorbed oxygen. These test data also support
that Hg® mainly heterogeneously reacts with the TiO, surface to
form an adsorbed state, instead of homogeneously reacting with
given gaseous components [16,41]. Although several researchers
have reported that C-containing TiO, could induce VL absorption
and response [18—24], in this study, VL irradiation showed minor
effect on Hg? transformation into Hg?* under 0% O, and arid con-
dition for both TiO, nanoparticles as compared to the results from
UV irradiation experiments (Runs 2130 in Fig. 5a).

Moisture possessed marked effect on Hg® removal, which
caused desorption of Hg from the raw ST-01 and C-TiO, surface,

especially under the dark environment (i.e., Runs 31—40 in Fig. 5a;
Ecap = —9.1% and —5.6% for raw ST-01 and C-TiO,, respectively;
Tables 1 and 2). These results support that Hg species and H,O may
compete for active sites on TiO, surface. Another earlier report also
indicated that Hg® removal was influenced by the concentration of
moisture [42].

The aforementioned data correspond to our earlier studies using
oxygen-vacant TiO, and N-TiO, as the photocatalysts [16,17].
Fujishima et al. also reported the surface hydrophilicity of TiO, can
be increased because of light irradiation [9]. The photocatalytic
ability of TiO, may not be affected while H,0 existed in the gas
stream; however, it markedly impacted the Hg removal by TiO5. In
this study, although the moisture content is at a low level of about
25% relative humidity, it is still much larger than the Hg® concen-
tration (i.e., 15 + 5 pg Nm—>). Noting that Ecap = 21.2% for C-TiO;
(Table 2) was larger than Ec,p = 18.8% for raw ST-01 (Table 1) under
the O;-free condition (Runs 4150 in Fig. 5a). These results indicate
that the presence of C groups in TiO, reduces the H,O adsorption
and competition for active sites on TiO-, as reported by Morawski
et al. [25]. Even under VL irradiation, the Ec,p of C-TiO; (2.0% in
Table 2) was still slightly greater than the Ec,p of ST-01 (0.2% in
Table 1) by 1.79% (Runs 51—60 in Fig. 5a).

In contrast, increasing O, concentration enhanced the Hg®
removal of C-TiO, nanoparticles (Runs 61—180 in Fig. 5a) due to the
enhancement in catalytic oxidation of Hg®. Notably, even under the
dark condition, C-TiO, nanoparticles had significant Hg® removal to
up to 29.9% when O was at 21% (Runs 151—160 in Fig. 5a; Table 2).
When light irradiated, the E.,p greatly enhanced to about 50.8%
under UV and 51.6% under VL when O, was 21% (Runs 161—180 in
Fig. 5a; Table 2), which indicates that Hg® oxidation and removal
can be enhanced by light irradiation. The results support that Hg® is
oxidized into Hg?* in the presence of O, and consequently the Hg®
removal efficiency is enhanced.

Fig. 5b and ¢ shows the Hg® removal of raw ST-01 and C-TiO, at
50 and 100 °C, respectively with the corresponding Eqp listed in
Tables 1 and 2. In general, Hg removal examined at raised tem-
perature showed similar dependence on UV/VL irradiation, oxygen
concentration, and existence of moisture with that obtained at
25 °C(Fig. 5a; Tables 1 and 2). Nevertheless, increasing temperature
to 50 and 100 °C greatly decreased the Hg removal performance for
raw ST-01 and C-TiO,, supporting that the Hg species adsorption on
the TiO, surface can be thermally desorbed due to its nature of
exothermic adsorption [16,17]. It is also noticed that C-TiO; not only
showed greater Hg adsorption than raw ST-01, but also encoun-
tered smaller adsorption competition from H,O at elevating tem-
perature (Fig. 5b and c; Tables 1 and 2). These results imply again
that the C—OR(H), C=0, and C—O0 groups generated on the TiO,
surface after carbon impregnation may also form stronger chemical
bonds with Hg during higher temperature. Oxygen at 21% is still
effective in enhancing Hg oxidation/adsorption at elevating tem-
perature; however, the adsorption performance was smaller than
that shown at 25 °C.

Based on the experimental results (Fig. 5b), C-functional groups
on the C-TiO, surface appear to minimize desorption of Hg under
high moisture condition. Li and Wu proposed comprehensive
mechanisms on the capture and reemission of Hg® on the surface of
TiO»—SiO, nanocomposite [43]. The proposed mechanisms suc-
cessfully explained the competitive adsorption between H,O and
Hg species due to the photoinduced superhydrophilicity of TiO;
surfaces when UV was applied. By utilizing the concepts from Li
and Wu as the foundation, the Hg® capture using C-TiO» under light
irradiation is illustrated in Fig. 6. Under the 0% O, and arid condi-
tion (Fig. 6a), Hg® oxidation can only depend on the reactions via
the slight content of O and OH- radicals generated on the C-TiO;
surface because of the pre-adsorbed O, and H,0. Under the humid
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Fig. 6. Hypothetical mechanisms of Hg adsorption on and reemission from the surface of C-TiO, photocatalysts under visible light irradiation.

and 0% O, condition (Fig. 6b), H,0 molecules and Hg® will compete
the active sites on the C-TiO, surface; therefore, leading to the
reemission of formed HgO, which may subsequently reduce into
Hg®. Under the 0,-containing condition, Hg® oxidation is remark-
ably increased by elevating the O, concentration, but inhibited by
H,0 molecule as the photoinduced superhydrophilicity of C-TiO;
resulting in the H,O competition adsorption (Fig. 6¢ and d). Results
displayed here suggest that Hg species and C-TiO, maintain a weak
bonding; consequently, it is reversible between the adsorbed Hg
species and the C-TiO, surface.

For practical application, we suggest that the treated flue gas
should contain sufficient O, to enhance the performance of the
photoreactor with C-TiO, module, which is preferable to be aligned
within the exhausting system as a fixed-bed reactor. Using air as
carrier gas could be a feasible approach for Hg-containing tail gases,
such as those from fluorescent lamp recycle plants. For flue gases
from combustion sources such as coal-fired boilers, injection of C-
TiO, nanoparticles followed by a particular matter collector can be
used. Pretreatment pertaining to dehumidification before the
exhaust gas flowed through the photoreactor is highly preferred to
improve Hg® removal efficiency. The C-functional groups on the C-

TiO, surface play an advantage role for inhibiting the photoinduced
hydrophilicity of TiO, under light irradiation; consequently, the
reemission of adsorbed Hg species could be reduced from the C-
TiO, surface. It is also important to evaluate the lifetime and reuse
potentials of C-TiO, for Hg removal in the next phase experiments
for future pilot-plant and full-scale utilization.

4. Conclusions

C-containing TiO; photocatalyst was successfully prepared by a
mild impregnation condition using ethanol as the carbon supplier.
The impregnation temperature was 200 °C and samples were evi-
denced by SEM, XRD, BET, XPS, and FTIR. According to the SEM and
XRD results, raw ST-01 and C-TiO; had similar morphology and
crystal phases. The particle size was around 20—30 nm and both
samples were in anatase phase. Nevertheless, C-TiO; had a slightly
smaller BET surface area and total pore volume as compared to raw
ST-01. C-functional groups including C—C, C—O/COR(H), and C=0
were found on C-TiO, surface by XPS and FTIR examination. Under
an O,—free and dark condition, the Hg removal efficiency of C-TiO,
was small; however, Hg removal efficiency was greatly increased by
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elevating the O concentration when light irradiated. The test re-
sults indicate that photocatalytic oxidation, namely Hg® trans-
formation into Hg>", could be a deciding process to enhance the
adsorption on Hg species onto the C-TiO, surface. H,O exhibited
deteriorating effects because the competition for active sites on the
C-TiO; surface between Hg and H,O molecule. Nevertheless, the
decrease in surface hydrophilicity of C-TiO, when light irradiation,
causing the observed reemission of adsorbed Hg species, can be
greatly inhibited via carbon impregnation.
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