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Multi-walled carbon nanotubes (MWCNTSs) coated with TiOz were prepared by a sol-gel method and
characterized by transmission electron microscopy, X-ray photoelectron spectroscopy, X-ray dif-
fraction, and UV-Vis diffuse reflectance spectroscopy. It was found that MWCNTs/TiO2 consisted
mainly of anatase phase. The introduction of MWCNTs inhibited TiO2 grain growth. Moreover, the
adsorption edge of MWCNTs/TiO2 shifted toward long-wavelength region compared with bare TiO-.
The photocatalytic ability of MWCNTSs/TiO2 for NO removal was experimentally investigated in a
fixed-bed reactor. The results showed that a lower initial NO concentration was conducive to NO
removal. A negative effect of SO; on denitration was observed. In contrast, Oz and H:0 played a
promotional role in the photocatalytic denitration. At optimal conditions (73 mg/m3 NO, 8% 0z, 5%
H:0), NO removal efficiency of 46% was achieved. In addition, the reaction mechanism of denitra-
tion was proposed.
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1. Introduction

The major sources of NO are coal power plants and the
combustion of fossil fuels in automobiles. Acid rain and photo-
chemical fog caused by NO emission have led to great harm to
environment and human health [1,2]. Most coal-fired power
plants are equipped with selective catalytic reduction (SCR)
systems or selective non-catalytic reduction (SNCR) systems to
control NO emission. Although SCR performs effectively in NO
reduction, problems such as the expense of operating the cata-
lytic system and catalyst poisoning need to be tackled. Although
NO is decomposed without a catalyst in the case of SNCR, prac-
tical constraints including the temperature window and time
lead to worse NO removal efficiency [3-5]. Photocatalytic
technology has received wide-ranging attention as a promising

way to remove the various toxic pollutants in flue gas. TiOz has
been widely applied due to its stability, nontoxicity, and high
photocatalytic reactivity [6]. Wang et al. [7] used TiOz loaded
on woven glass fabric to remove nitrogen oxides by photocata-
lytic oxidation. Zhao et al. [8] studied the photocatalytic oxida-
tion of NO with supported nano-TiO2. However, low removal
efficiencies are achieved in practice by TiOz due to its wide
energy band gap (3.2 eV) and easy recombination of elec-
tron-hole pairs. Many studies have emphasized the modifica-
tion of TiOz to increase yields of radicals and shift the adsorp-
tion edges toward the visible light region. N-doped TiO2 pre-
pared by Ananpattarachai et al. [9] and B-doped TiO2 synthe-
sized by Li et al. [10] revealed that the introduction of dopants
can reduce the band gap of TiO2. Li et al. [11] reported that
Cu-tetracarboxyphthalocyanine sensitized mesoporous TiO2
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performed effectively under visible light. Multi-walled carbon
nanotubes (MWCNTSs) have also been the focus of considerable
numbers of studies because of their excellent mechanical, elec-
trical, thermal, and magnetic properties [12]. Wang et al. [13]
synthesized MWCNTSs-TiOz using a sol-gel method and evalu-
ated their photocatalytic ability by phenol decomposition. Yang
et al. [14] used CNT-TiO: synthesized by a hydrothermal
method to decompose methyl orange. In previous investiga-
tions, the main concerns of most studies focused on MWCNTs/
TiO2 have been mostly to do with their physicochemical prop-
erties and the photocatalytic reaction mechanism. The photo-
catalytic abilities of these materials were evaluated by the de-
composition of dyes, phenol, etc. Seldom has research focused
on the photocatalytic removal of NO from flue gas by
MW(CNTs/TiOz been reported.

In this paper, MWCNTs/TiOz was synthesized by a sol-gel
method and characterized by transmission electron microsco-
py (TEM), X-ray photoelectron spectroscopy (XPS), X-ray dif-
fraction (XRD), and ultraviolet-visible (UV-Vis) diffuse reflec-
tance spectroscopy to give insight into its physicochemical
properties. Systematic photocatalytic NO removal experiments
were conducted for the first time. Influencing factors (02, H20,
S0z, and NO) and the effect of the MWCNTSs on the NO removal
were studied, and a possible reaction mechanism for the deni-
tration was proposed.

2. Experimental
2.1. Preparation of MWCNTs/TiOz

Raw MWCNTs were purchased from Chengdu Organic
Chemicals Company (purity > 95%, diameter 10-20 nm, length
10-30 pm). The raw MWCNTSs were acid-treated and function-
alized in a mixture of concentrated sulphuric acid and nitric
acid (Nanjing Chemical Reagent Company, Nanjing, China) in a
volume ratio of 3:1. The acid-treated MWCNTs were rinsed
with distilled water until they reached neutral pH and were

then dried at 80 °C for 12 h.

MWCNTs/TiOz was synthesized by a sol-gel method. In a
typical synthesis, a certain amount of acid-treated MWCNTs
was sonicated in a solution containing 75 mL anhydrous etha-
nol (AR, Nanjing Chemical Reagent Company, Nanjing, China),
25 mL tetrabutyl titanate (AR, Nanjing Chemical Reagent Com-
pany, Nanjing, China), and 4 mL HNOs under vigorous stirring.
After stirring for 1 h, a mixture of 25 mL anhydrous ethanol and
5 mL distilled water (the PH was adjusted to about 2) was
added dropwise to the solution. The resultant gel was dried at
80 °C and then calcined at 350-650 °C in air for 3 h. Bare TiO2
was used as a control sample, following similar preparation
steps to those mentioned above. To avoid aggregation of the
photocatalysts above the quartz air distributor, all tested pho-
tocatalysts were loaded on heat-pretreated silica gel having a
diameter of 2 cm. The loading method was detailed in the work
of Sannino et al. [15].

2.2. Characterization of MWCNTs/TiOz

The bare TiOz and composites were characterized using a
range of analytical techniques. TEM observations were made
with a JEOL JEM-2100F microscope at 200 kV. Samples for im-
aging were sonicated in anhydrous ethanol and collected on a
copper carbon-coated TEM grid. The chemical compositions of
the MWCNTSs/TiOz were studied by XPS using a PHI Quantera.
XRD was performed to characterize the phase composition and
crystal structure of the photocatalysts using a Rigaku
D/max-2500/PC X-ray diffractometer with Cu K. radiation
from 5° to 85° at a scanning speed of 0.02°/s. The UV-Vis dif-
fuse reflectance spectra of the composites were measured on a
VARIAN Cary 5000 spectrophotometer.

2.3.  Photocatalyst test

The schematic of the experimental system is shown in Fig. 1.
The experiments were conducted in a fixed-bed photoreactor

12

Fig. 1. Schematic diagram of the photoreactor system. 1,3-N. gas cylinders; 2-0z gas cylinders; 4-NO gas cylinders; 5-SOz gas cylinders;
6,7,8,9,10-Mass flow meters; 12-Water bubbler; 13-Heating belts; 14-Outer tube; 15-Quartz air distributor; 16-Inner tube; 17-High pressure mer-
cury lamp; 18-Photocatalysts; 19-Rubber plug; 20-Absorption chamber; 21-Flue gas analyzer.
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comprised of 60 cm-long double concentric quartz tubes. The
diameters of the inner and outer tubes were 28 and 60 mm,
respectively. A 125 W high pressure mercury lamp (Shanghai
Jiguang Lighting Company, Shanghai, China) was placed verti-
cally in the inner tube as the UV source. The intensity provided
by the lamp was 6.5 W/m?2 at the peak wavelength of 365 nm.
The composition of the simulated flue gases was 0-8% Oo,
0-15% H20, 73-508 mg/m3 NO, 155-1241 mg/m3 SOz,and N2
as balance. Oz, SOz, NO, and Nz were supplied from gas cylin-
ders, and the flow rates of the different gases were controlled
by a mass flow meter (Beijing Metron Instrument Company,
Beijing, China). The N2 flow was divided into two streams. One
stream combined with Ozand was allowed to pass through a
water bubbler to set the desired water vapor level. The second
stream was converged with NO. The total flow rate remained
constant at 2 L/min and a space velocity of 250 h-1. An
ECOM-J2KN (RBR Company, German) was situated down-
stream to the fixed-bed photoreactor to record the concentra-
tion of NO in real time. Adsorption equilibrium of the photo-
catalysts was achieved by introducing NO into the system be-
fore switching on the UV light. The reaction time was set to 15
min for each experiment. NO removal efficiency could be de-
fined as Rno= [(NOin — NOout)/NOin] x 100%, where NOin and
NOout represent the NO in the inlet and outlet of the photo-
chemical reactor, respectively.

The experimental conditions are listed in Table 1. To exam-
ine the reaction mechanism involved in the photocatalytic re-
moval of NO, Case 1 was conducted to investigate the adsorp-
tion of NO on MWCNTs/TiOz. In Case 2, photocatalytic denitra-
tion was conducted under different conditions (UV, Silica gel,
TiO2, MWCNTs/TiO2). Cases 3-6 were carried out to study the
effects of NO, 02, H20, and SOz on NO removal. The amount of
photocatalysts used in photocatalytic denitration was 25 g.

3. Results and discussion
3.1. Morphology

Figure 2 shows TEM images of MWCNTs and MWCNTs/
TiO2. It was found in Fig. 2(a) that the aggregation of the
MWCNTSs as well as amorphous carbon and impurities on the
surface of the MWCNTSs. The external diameter of the raw
MWCNTs was 15-30 nm. Figure 2(b) shows the typical hollow
structures of MWCNTSs. After acid-treatment, opening of the
tube ends and breakage of the tubes were also observed. For
MWCNTs/TiOz sample (Fig. 2(c)), MWCNTs were wrapped
with TiOz having an external diameter larger than 20 nm, con-
firming tight connection between them.

Fig. 2. TEM images of raw MWCNTs (a), acid-treated MWCNTs (b), and
MWCNTs/TiOz (c) samples.

3.2.  Crystalline phase characterization

Figure 3 shows the XRD patterns of MWCNTs/TiOz calcined
at different temperatures. MWCNTSs/TiO:z calcined at 350 and
500 °C consisted mainly of anatase phase, and the typical dif-
fraction peaks were found at 25.1°, 36.9°, 37.6°, 38.5°, 47.9°,
53.8° 55.0° 62.6° and 75.1°, corresponding to the reflections
from (101), (103), (004), (112), (200), (105), (211), (204), and
(215) crystal planes, respectively, of the anatase phase. The full
width at half maximum of (101) for MWCNTSs/TiOz calcined at
500 °C was shorter than that calcined at 350 °C, indicating an
increase in crystallinity. Significant phase transformation was
induced by heat-treatment at 650 °C. The anatase phase trans-
formed mostly to the rutile phase, indicated by the typical rutile
diffraction peak observed at 27.4°. Moreover, the weight of
samples calcined at 650 °C as measured by analytical balance

Table 1

Experimental conditions for photocatalytic removal of NO.

Case 02 (%) H20 (%) NO (mg/m3) SO (mg/m3) Material UV light
1 8 5 181 MW(CNTSs/TiO: off

2 8 5 73 Silica gel, TiO2, MWCNTs/TiO2 on

3 8 5 73/181/254/508 MWCNTSs/TiO2 on

4 0/3/6/8 5 73 MW(CNTSs/TiO: on

5 8 0/1/5/15 73 MW(CNTSs/TiO2 on

6 8 5 73 155/310/620/1241 MW(CNTSs/TiO> on
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Fig. 3. XRD patterns of MWCNTSs/TiOz calcined at different tempera-
tures. (1) TiOz, 500 °C; (2) MWCNTSs/TiO2, 350 °C; (3) MWCNTSs/TiOz,
500 °C; (4) MWCNTSs/TiOz, 650 °C.

(AUX320, SHIMADZU, Japan) decreased significantly compared
with that of samples heat-treated at 500 °C (the weight of sam-
ple heat-treated at 500 °C was approximate to the theoretical
value during preparation), revealing that heat-treatment at 650
°C led to MWCNTSs oxidation loss. Li et al. [16] also confirmed a
significant weight loss for MWCNTSs at 550-750 °C in TGA ex-
periments. Contaminant phases were not observed during XRD
analysis. Cong et al. [17] reported that the (002) reflection of
MWCNTSs was overlapped by (101) of TiO2 due to their proxim-
ity at 26.3° and 25.3°, respectively. No diffraction peak from the
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MWCNTSs was found after peak fitting at 20°-30°, and the ab-
sent (002) reflection was attributed to the low content and
uniform dispersion of the MWCNTs. The (101) peak of
MWCNTs/TiOz calcined at 500 °C was broadened compared
with that of bare TiO2, which correlated closely with the de-
creased crystallite size. Scherrer’s formula was used to give an
approximate calculation of crystallite size based on the FWHM
of the (101) peak. The crystallite sizes of TiO2 and MWCNTs/
TiOz calcined at 500 °C were thereby found to be 19.1 and 11
nm, respectively, suggesting that the MWCNTSs inhibited the
grain growth of TiOz during crystallization. The average TiO2
particle size estimated from the TEM images was about 15 nm,
larger than that calculated from XRD. According to Lin et al.
[18], a larger TEM estimated size is attributable to the aggrega-
tion of TiO2 nanoparticles into larger particles, while XRD cal-
culates the size of single crystallites. MWCNTSs/TiOz calcined at
500 °C was used for photocatalyst test.

3.3.  XPS analysis

Figure 4(a) shows XPS spectrum of MWCNTs/TiOz and
clearly reveals that the main elements on the sample surface
were Ti, C, and O. Figure 4(b) displays the C 1s spectra of the
MWCNTs/TiOz sample. Three peaks were observed in the C 1s
spectra after peak fitting. The main peak was located at 284.6
eV, ascribed to graphitic carbon and C-C bonds from MWCNTs.
The second at 285.9 eV was attributed to C-0 bonds, and the
broad peak located at 287.9 eV represented C=0 and COO
bonds [17]. Figure 4(c) shows the O1s spectra of the sample,
which was fitted into three peaks. The O 1s peak at 530.1 eV
corresponded to lattice oxygen, while the higher binding ener-
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Fig. 4. XPS spectra of MWCNTSs/TiOz sample. (a) General XPS spectrum; (b-d) XPS spectra of C 1s, O 1s, and Ti 2p.
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gies of 531.1 and 532.1 eV were assigned to surface hydroxyl
oxygen and C-O bonds, respectively [17,19]. Obviously, Ti-O
and C-0 bonds present in the C 1s and O 1s XPS spectra after
peak fitting led to the anticipation of intimate connection be-
tween MWCNTSs and TiO2z through Ti-O-C bonds. Figure 4(d)
reveals the Ti (2ps/2, 2p1/2) spectra. The binding energies of Ti
2p3/2 and Ti 2p12were 459.1 and 465.4 eV, respectively, indi-
cating the typical presence of Ti** in the TiO2. Moreover, in-
creases in the binding energies of Ti 2p compared with that of
bare TiO2 were observed and assigned to electrons transferring
through Ti-O-C bonds changing the electron density of Ti4*in
TiOz.

3.4. Optical properties

The UV-Vis DRS spectra of MWCNTs/TiOzand TiOzare pre-
sented in Fig. 5(a). TiOz showed a typical adsorption edge at
about 400 nm and weak absorption in the visible light region.
In contrast, a positive effect could be observed in the presence
of MWCNTs; the absorption edge was red-shifted toward the
long wavelength region. This shift suggested a decrease in the
Fermi level induced by electron transfer through Ti-O-C bonds
[20]. Moreover, the MWCNTSs/TiO2 composite exhibited en-
hanced visible-light-absorption efficiency compared with that
of bare TiOz, which was attributed to the possible electronic
transition ™ — 1* in the MWCNTSs and the black color of the
photocatalysts [21]. Figure 5(b) shows a plot of [F(R)hv]/2
versus photo energy. The extrapolation of [F(R)hv]!/2 to the
abscissa at zero F(R) provided the band gap energies of
MWCNTs/TiOz and TiOz to be 2.6 and 3.0 eV, respectively, con-
firming the narrowed band gap energy of MWCNTs/TiOz.

3.5.  Photocatalytic denitration

3.5.1. Baseline experiments

Figure 6 reveals the NO adsorption ability of MWCNTs/TiOz.
To measure the NO adsorption of the photocatalyst, NO was
first introduced into the bypass and maintained steadily at 189
mg/m3. The bypass valve was then shut, and NO was intro-
duced into the reactor, which contained the photocatalyst. The
NO concentration decreased sharply at first and reached a
minimum of 162 mg/m3 after 3 min. The NO concentration
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Fig. 6. NO adsorption performance of MWCNTs/TiO: loaded on silica
gel.

then started to increase and reached its original level after 18
min. The maximum NO adsorption efficiency was 14%.

Figure 7 shows the results of photocatalytic denitration
conducted under different conditions (UV, silica gel, TiO2,
MWCNTs/TiOz). Some NO reaction occurred under UV irradia-
tion even in the absence of photocatalyst, and Rno was about
16%. The reaction mechanism for NO removal was similar to
that for formation of photochemical smog. Active O formed by
NO2 photolysis and O3 formed by O reacting with Ozwere able
to oxidize NO to higher valence state. The reaction mechanism
[22] induced by UV irradiation can be defined by reactions

(1)-(6):

NOz + hv - NO + O 1)
0+0:2-03+0+M 2)
03+ NO =» NOz2 + 02 3)
O+ NO+ M - NOz2+ M 4)
0+NO2+ M- NO3s+M (5)
03+ NO2+ M — NO3+ 02+ M (6)

To increase the interfacial area for vapor-solid contact and
reaction time, MWCNTSs/TiO2was loaded onto silica gel for the
photocatalytic experiments. It was therefore necessary to in-
vestigate the role of silica gel in photocatalytic denitration. Fig-
ure 7 indicates that no remarkable NO reaction was observed
on the silica gel. However, Rno decreased slightly compared
with the case without photocatalyst. This decrease in Rnowas
expected to result from photon energy loss caused by refrac-
tion and reflection of UV light by the silica gel. In denitration

6 (b)
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Fig. 5. (a) DRS spectra of MWCNTs/TiOz and TiOz; (b) Plot of [F(R)hv]'/? vs photon energy of TiO2 and MWCNTs/TiOz.
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Fig. 7. Effect of UV and various types of photocatalysts on NO removal.

experiments, the effect of the silica gel on Rno was negligible.

Compared with the case without photocatalyst, MWCNTs/
TiOz and TiOz performed well in photocatalytic denitration, the
Rno of which reached 46% and 35% respectively. The results
revealed that the process of photocatalytic NO removal was
more effective than the photochemical NO removal process. In
the presence of photocatalyst, the incident UV radiation ejected
electrons from the valence band of the photocatalyst to the
conduction band. The photogenerated electrons and holes
formed diffused toward the photocatalyst surface. Once the
photoinduced electrons and holes have been trapped by sur-
face adsorbed species like Oz and H:0, active O2-and -OH were
formed and were capable of oxidizing NO to NOz, HNOz, or
HNO3. It was reported by Devahasdin et al. [23] that NO oxida-
tion involves the following series of steps: NO - HNO2— NOz2—
HNOs. In the initial stage, HNO2 was the dominating reaction
product. Once the photocatalysts were saturated with HNOs,
NO2 to HNO3 conversion was inhibited, and the reaction only
went as far as NO2. The reaction mechanism [23,24] for NO
removal in the presence of photocatalyst can be defined by
reactions (7)-(13):

TiO2 + hv—> e +h* (7)
h*+OH - -OH (8)
e +02- 02 9)

3.5.2. Theeffect of MWCNT

As shown in Fig. 7, a positive effect of MWCNTs on NO re-
moval was observed; 46% of Rno was achieved on
MWCNTs/TiOz compared with 35% of Rno on bare TiO2. This
enhancement could be attributed to the following three as-
pects. The first is good conductivity of MWCNTs. Considering
the limited pathways for electron transfer in bare TiO2, the
MWCNTs provided alternative pathways for electrons to
transfer through Ti—0—C bonds, prolonging electron-hole pair
lifetimes [25,26]. The second is the smaller crystallite size of
MWCNTs/TiO2. XRD analysis confirmed that introducing
MWCNTs inhibited the grain growth of the TiO2. Devi et al. [27]
suggested that volume recombination dominated the possible
ways for electron-hole recombination. Large crystallite sizes,
which result in longer diffusion path length, allowed more
chance for electron-hole recombination. Hence, smaller crystal-
lite size favors the diffusion of more electrons and holes to the
surface. The third is the narrow band gap energy of MWCNTs/
TiO2. In DRS analysis, the adsorption edge of MWCNTSs/TiO2
was found to be shifted toward longer wavelengths compared
with that of bare TiO2. It was expected that more electron-hole
pairs were created at the same UV intensity as a result of this
red shift.

3.5.3. The effect of gas components

Figure 8(a) underlines the effect of NO initial concentration
on NO removal. Rno decreased sharply at first and then leveled
off with increasing NO. These results indicated that a lower
initial NO concentration was conducive to NO removal. The
behavior depicted in Fig. 8(a) revealed that the NO removal
reaction was ruled by the Langmiur-Hinshelwood model,
namely first-order reaction at low concentration and ze-
ro-order reaction at high concentration [7]. Because a great
deal of SOz is emitted from power plants during the combustion
of coal, it was necessary to investigate the effect of SO2 on NO
removal. As shown in Fig. 8(b), Rno declined sharply to 39%
when 155 mg/m3 SOz was introduced into the system and fur-
ther declined to 29% at 1241 mg/m3 SOz, a remarkable de-
crease compared with the initial value of Rno in the absence of

NO +:OH — HNO2 (10) SO2. The decrease in Rno under complex gas atmosphere was
HNO2+-OH - NO2 (11) attributed to SOz and NO competing for the limited adsorption
NO2z+:0H - NO3~ (12) and reaction sites. Li et al. [28] reported that surface hydroxyl
NO + 02" - NO3~ (13) groups are the dominant adsorption sites for NO, while surface
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Fig. 8. Effect of initial NO (a), SOz (b), Oz (c), and H20 (d) concentrations on NO removal Efficiency (Rno).
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hydroxyl groups and lattice oxygen are responsible for adsorp-
tion of SO2[29]. A lower Rno was therefore as a result of SOz and
NO competing for the limited surface hydroxyl groups.

Many studies have suggested positive effects of 0zand H20
on photocatalytic oxidation. Figure 8(c) reveals the effect of 02
on NO removal. Rxowas as low as 17% in the absence of Oz but
increased to 46% at an Oz content of 8%. Figure 8(d) shows the
effect of H20 on NO removal. Rnoincreased to a maximum value
of 46% at 5% H20 and then decreased to 41% at 15% Hz0.
These results indicated that suitable concentrations of Oz and
Hz20 played a prominent role in NO removal. Photoinduced
electrons and holes were scavenged by 0z and surface hydroxyl
groups to form Oz and -OH (reactions (8) and (9)), which im-
proved reactions (10)-(13) [30]. Hence, the observed en-
hancement of Rno was justified. However, more studies have
focused on studying the effect of H20 than that of Oz due to the
high activity of -OH and the both inhibiting and promoting role
that H20 plays in photocatalytic oxidation. H20 plays an im-
portant role in the formation of surface hydroxyl groups, which
not only acted as adsorption sites for Oz and NO, but also for
H20 through hydrogen bonding. Rvo was enhanced due to the
greater amount of hydroxyl groups formed [31]. Zhao et al. [8]
observed a negative effect of H20 on NO removal at H20 content
greater than 6%, but they did not give a cause for the decrease
in Rno. However, Henderson [32] revealed that water layers
formed outside the photocatalyst were capable of blocking the
diffusion of target molecules toward adsorption and reaction
sites, and that Oz was also blocked by water layers, inhibiting
the formation of O2". In this paper, a positive role of H20 was
found in an H20 concentration range of 0-5%, while an inhibi-
tory effect was observed at 15%, revealing that a water layer
may have formed outside the photocatalyst and blocked the
diffusion of the target molecule. In addition, H20 has an effect
on the migration of the reaction products of photocatalytic
denitration, which prevents photocatalyst deactivation [33,34].
Typically, HNO2z and HNO3 are deposited on the TiOz surface
during the NO removal reaction and block the absorption sites
of TiO2 for further NO conversion, and thus deactivation occurs.
In the presence of H20, adsorbed photocatalytic products, in-
cluding adsorbed HNOz and HNOs, are converted into water
soluble products, and Hz0 thereby assists in the self-cleaning of
photocatalysts.

4. Conclusions

MWCNTs/TiOz was successfully synthesized using a sol-gel
method. The introduction of MWCNTs refined the physical and
chemical structure. The decreased crystallite size of MWCNTs/
TiOzlowered the chance for volume recombination. Moreover,
MWCNTSs provided alternative electrons transfer pathway to
assist in hole-electron pairs separation. These aspects contrib-
uted to better denitration performance on MWCNTSs/TiO2
compared to bare TiOz. In the study of photocatalytic denitra-
tion, at optimal conditions (73 mg/m3 NO, 8% 02, 5% H20), an
optimal denitration efficiency of 46% was observed on
MWCNTs/TiO2. A lower NO initial concentration was found to
be conducive to NO removal. However, Rno was lower in the

presence of SOz, because SOz and NO competed for limited ad-
sorption and reaction sites. Oz and H20 were found to play
promotional roles in NO removal due to the formation of active
02" and -OH species. For excess Hz0, a water layer may formed
outside the photocatalyst to inhibit photocatalytic denitration,
and the negative effect of excess H20 (15%) on NO removal was
observed.
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KAHNO T PR FIRIE Ll AR LB % R < HE
T8, AT IR KO 20 2 (R N 2 —. NOHEIUFI A
Jal 71 B i 5 T AR AR IR R N AR ROIRI . R, A
HL I RS AR BRSO DL SRR i A 34 S5 (SCR) S #%
PEAEfHE AL L J5L(SNCR) 0 2. SCRIEAT i 1 B A 2k %,
(EAFAEBETE AL i S AEAG TR REAL S5 ) i 11T SNCRE
AP A 711, AL B2 R 10 B s B2 I TR 45 A B 25461,
BB RCAREARE ) Ak — B0 10 K05 Rz IR,
PTG RE TG 3 1 TiO, 0 FE At R e i AL S AR 72 52 212 1Y

L, WangZ5UVR ] B8 55 47 4k 41 3% TiO,, 15 [ 52 K &
N 3% HR AT NO PR G AR Ak S Ak 26 X R 2 R A
10 87 3 IR TIOL A NOBEAT Y A A B k. 7 53 s )3 ot A%
Hh, TIOLAFLEARMNT 55 FE K (3.2 eV) SR R 25 /LT 0
TR I b 2 52 A SR A, 3 BTIO G i Ab UR BLAIK.
PR, AATTRE— 20 X TiO #EAT e, BASR S TiO, I 1
W 3 S FLAE R UL S DX 5K 1) g )8 5 J . Ananpattarachai
APV ¥ e Bt v A 4% T NHB 2R I TIO, LA B L OVR
F E B K 4% T BB 4N TIO,, 45 FR W, R 21
XFTIOAT B A4 PR T 2807 56 FE . 2w 2 It
TR M A FLTIO AL PE B, &5 SR W, Yok
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WG JEGA LR . BT 2 BERR AR (MWCNTSs) H A
S MHBERE . FHME. IO Re S, AT
MWCNTSs/TiO JF i 7T 32 BFSE TAE'. Wang 5 PhR
FH R B U I8 ) 46 IIMW CN Ts-TiO, 33547 T 6 B 2 15y
(RS, A U SR K 2] 4% T CNTs-TiO,, JF
2 5% J A0 B A S RS VAW BE . H AT AT R
MWCNTSs/TiO, IR 57 3 B4 v T b A 7 4 B4k 2
JFAEAR SN AL, (HN F SR BRI 45 IR,
PR 55, A DR AUAR S ) 0 L2 BRI < NO 1k
A R i L 1

AR SCR W i R ik 1l £ T MWCNTSs/TIO E 4 3
JeAHE AL, R I S BT (TEM), X5 2k 0% 1 g 1%
(XPS), X 5t £k £i1 4 (XRD) K £ 4h - 0] UL 8 J 5 6 it
(UV-Vis)kt LT HAL R AE; DU S M NOE
o EARTS B, 7 18 8 IR N2 R MWCNTSs/TiO, [
S AR IR R REHEAT VAN, WF ST T A AL 4 MR DA
MWCNTSs[#] 5] AXFMWCNTs/TiO, YA Ak [ AR 25 % 11 5%
M.

2. LEES

2.1. MWCNTSs/TiO, 8% &

MWCNTs ) - o1 5 RE 27 B il #8 A7 LA 2% 2w (26
B> 95%, H.4£10-20 nm, K & 10-30 pm). | H 7 8 2:
XMWCNTsHEAT IR AL AL 3T, ¥4 1 ¢ MWCNTsHE 75 73 80T
20 mLyA £ 8 AR i 2 (P s A 2R BR A /) TR A
W (H,SO4HNOs = 3:1, fRBLEL), JFH 28 1 /K IR B i
VeEE Ny e, B T80 °CHITEA4H - T/4:12 h.

P 3 R AL R S FOMWCN TS 72 20 #0175 mL G
K ZBE(AR, B SRR R A |, 25 mLEKRR DY | e
(AR, B AR AT BRA 7)) Jed mLAS IR v, &
THE B FERS ERFELBERE, TR GRIF . Bk h)E, #5
mLZETRKIIAN25 mLIE/K B, IS pH A2, R
G IR A WBOZ T I N BT, BRI, 80 °C T
PR 5, 15350650 °C¥ L K5 ke3 h. [A] byl &) EuAt:
A TIO,, S AR IMMWCNTS. 75 6 Ak Ji Al 52 56 v
h T $ EMWCNTSs/TiO, 55 HH A B ik i AR () N 42
O AT 5 B AR 2 A B ], 5 MW CNTs/TiO, AT ¥
AL FENL RIS MWCNTs/TiO A 4] [R5 4K, K3 FoRi 4%
h2 e [FPBURLRIE IR DN JE A vh, 455 A A S5 FH DG
AL T RIRL.
2.2. MWCNTSs/TiO, 8 =1

KRIBAL S B AL AL 3 (MW CNTs TEMIRE Fr % H] H A

HL 1A 71200 KV R 51 32 5 Ha B2 100F LA T 414 40 4T,
DR A RE SR 75 0 T K SR, MR e
T D (R P B BB R AT BR 2 F]). SR I PHI Quan-
tera IT 8 XU 28 ' L 7 BE U5 SO 1 b 2 T 21 Fadb A T 23 B
K FH H A3 2 48 5] D/max-2500/PC Y BH AR % 4 X 5 42 AT
S SEMWCNTs/ TIOL 7EAS [R] K5 il FE T 17 St AH S &5
o BE A9 3 1K 0.02°/s (5°-85°). MWCNTS/TIO; )
UV-Vis) i ) 1 35 [ VARIAN 2 7] 48 A/ 0] W6 23
FJETHRATI E.

2.3, ELFIENEMN

BIUR S 50 R G0 R R . FEfEAL SER A FH60 em K1)
WU A0 A 21 PR T R S s Fh B AT AR A 1)
EARST 7 28 F160 mm. P FH T-T8CE 3K 365 nm1)
TR IRAT, SRR R E 6.5 W/m? (125 W, B2 e R Fh ik
HIT). SRR B2 4 0-8% O,, 0-15% H,0, 73-508
mg/m’ NO, 155-1241 mg/m’® SO, % “F #7 "< N,. N, O,
SO, XNOK H AN (F 5 e A AR AT R A 7)), il il
re R P O L (I VT B A PR 0 ) 11 5 400 11
WRE. No2» AW i, — i HNOWR A B E R NS, 5
— 5 0,45 A B N IK B 28 L SN T P K. A
(AR R IE2 Limin, $7 5253 4250 h'!). @it
FEL M ECOMMH T A T X, 7T LASK I & NOW L. 1l
2 G TR NOA W B AE F, 76T J5 D6 i R 223
NNOAE A5 A4 71 18 WP T 47, LAl 2D 552 56 45 2R 1)
2. LR CHEA LAY S0, SRAMGIETT G 5, SN ]
PEHIAELS min. GG HE AL RE 7 ANO TR it R 24
2 HEAT M7 B, NO B BR 280 2 (1 58 LN Ryo= [(NOy,—
NOou)/NO;,1¥100%, e HNOy, Ky R AMT I )3 BINOK
NO G K EEHMT K I NOMKR FE .

RGN T AR S0 4 1F. TG 2
2 S MWCNTS/TiO, 1) W Bt P e, 5256 I 43 1, NO B
JeEN 5 I, W LR BIRSE T, O M 55 1, NO®E AL i
10N, W EENOWR & A8 Ak, T B 2BF UV A
DL R AERE R, TiO, MIMWCNTS/TiOL A7 £E T HH N ' i
A A %, 48 37 MW CNTs/TiO, Y 3 v 6 A4 J5 s 25
B TL3-6BIF U AL 794 5 6] S e A0 T 235 2 11 5%
W) B S50 T O fRE AR A 25 g

3. #R5iNe

3.1, RERTIESR
K2(a) IMWCNTSs I TEM [ (43 %% 100 nm). A
W, KA FFMWCNTs R4 T S48, R AEAE D
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3G eI AL E 2 i, KR, B84 15-30 nm.
F2(b) R 1k AL FE JF MWCNTs [ TEM I (2 9% 20 nm).
Al DU I B MWCNTSs S 7Y (1) rp 25 25 4 . R A Ak B 5
MWOCNTsA 3 FF H, B i 84k, [F] R MWCNTs & AE 4
0T, A AT e PR TR B AR 5 A BE SR 1T % T W SR sl D>
2(c) b MWCNTSs/TIO, [¥] TEM & B . 1 & wT L
MWCNTs X} TiO, [f] %1 8, TiO, LA #% IR B X & 2 1
MWCNTsE BER [, HAMTE 42K T-20 nm.
3.2. MWCNTSs/TiO, & 5!

134500 °CHT eI TIO LA K350, 50051650 °CRi4%
) MWCNTSs/TiO, [f] XRD it . 7 350 £z 500 °C %% K& i,
TiO, LA 86 £k 41 o4 &=, 7E25.1° (101)[fi, 36.9° (103) i,
37.6° (004)fi, 38.5° (112)ifil, 47.9° (200)1fi, 53.8° (105)i,
55.0° (211)f, 62.6° (204) [fii F175.1° (215) [ 43~ 75 K6 ) H
ANTRI R BE IR B0 K A TIO TS I, gl B2 24 500 °CIRY,
TiO, FI(101 ) T FL AT B 1R 2 g Ve i, 3 W0 B AH 25
FETE ;. 22650 °CJa, TiO, 1 i B BUEK ™ AR % A8 i 4
ZL A, ) VIR 4 20 A0 TR AT S 06 (27.4°) W) e 19 5. A 43
Bt K- (AUX320, H 4 SHIMADZU) %} 650 °C %% % (£
MWCNTSs/TiO, ¥ 17 # i B &, & B 5 500 °C K5 K2 1)
MWCNTSs/TiO, (H B 5 il 2% I BS EAH ) AR L, 1]
W FTERUR, U650 °CREFER MWCNTS 77 A0 k.
Li%% VO Sl 5t i Ak, MWCNTs#E550-750 °Cili
JE X TRAT B KA k. A AMEXRD P i v A Kl H C I A
5F U6 . Cong 25 UVHIF 9% &% B, MWCNTs ) 477 5 W £ T+
26.3°, 5 BLER AT (101) 1 (25.3°) M3, A 0 4 30 i oK
500 °C %% %% i MWCNTSs/TiO, [ XRD i 7£ 20°-30° [X. [i1]
(I3 4 B IEAT UK, AR R IR B8 H T CIOIAT 4B
I, X - EE L TFMWCNTs & 8/ By A 4], %
Hh, 5500 °C K5 B8 1) 46 Tio, A1 Eb, A [ 9 5 K% 62 11
MWCNTSs/TiO, (10 1) AT U B 563z . 3£ T-Scherrer
77 FEAT LS 52 MW CNTSs/Ti0, 55 TiO, 1 i RE R~ 43 51
H11K19.1 nm. A WL, MWCNTSs[#)5 A BRH] T Tio, f ki
(14K TEMll A3 TiO, - ¥ ki 48 24 15 nm, K T-XRDAl
A, LinZUUR BIXRDAY 516 4 B 5 B A2, 1 TEMI
IH, AR S R A SR AR, LR IR AR N Z i, TEMIIIAR (1) 42
B N2 oRLAR P AR, DRI K. R SO A
S R 500 °CREBERIMWCNTS/TIO,.
33. FTELKERD

¥ 4(a) ) MWCNTSs/TiO, Ff i 1) XPS 55 7 181 1% , T
C 1s, Ti 2p X O 1sHy3 66 . 1-C, TiFIOTGE. El4(b) A
MWCNTSs/TiO,[FIC 1s7F 1 &I, X AT /el &0 —

AN, 284.6 eV N MWCNTSs 1 4L 78 ) C=C LA K C—CHt;
285.9 eV X} N C—Of#; 287.9 eV 4b (1) B 1§ X W+ C=0
U K 4(c) W MWCNTS/TIO, IO 1sith, fift & 5 530.1,
531.1F1532.1 eV =AM, Hrpr530.1 eV RE Y. T+ df 6 4
(Ti-O%), 531.1 eV X M. T FE dfh R TR HE, 532.1 e VXS W
T-C-OHIYL INC Ll i UL 21 (1 C-O% LA 2 O 151
e ] B UL 21 1 Ti-O % A C—O%t, Tl LA Ti-O—-CHE )
fELE. F4(d) Ti 2p1I35E 1 Ti 2p10 X Ti 2p3p 4l G BEZT N
459.1F1465.4 eV, n WTi* 4 LA 7. HEETIOLNN
HIE, MWCNTS/TIO,[AITi 2p4h & REM WK, FE 2R
SIMWCNTs 55 TiO, 2 7] Ti—O—C 8 R A7 7 11 51 & [ HL 1
R, BUR T TiE FAMTH - 2 % R, 23T 2p45 &
RE 138 .
34, RAELFIIRIERR

5(a)  MWCNTSs/TiO, #1 TiO, [ UV-Vis i . TiO,
I AEA00 nmfHE, £E400-800 nm X3k WY I 55 55,
1M MWCNTS/TIO, I 06 W e il R A2 L B B % . Y4
MWCNTs5| A J&, ‘B 5 TiO Bk Ti-O-CHE, 115 T &
AR, T BT B A A A 5 1 9 K B 2 i A5 12O,
14k, MWCNTS/TiO, 71 1] WLt X 15, (400-800 nm) H A 4%
SRR EI M, LR K AT fE AMWCNTS [ L FiT B — n*
S BB IIMWCNTS/TiOo 71 1] WL X 3B A — 5 il
o B3 5 [F(R)AV]YA R v il il 2k (F(R) i Kubelka-
Munk B8 20, 2 R 85 B o8 AL, v g AR ) X MWCNTS/
TiO, F1 TiO, IR 45 417 56 B2 WEAT Al 5, 4370 4 2.6 F13.0 eV
(EI5(b)). HHEAT WL, MWCNTSsI 5 | BRI T TiO, [ 2577
P, B T MWOCNTS/TiO, R 6 .
3.5, FlE{LEEH
3.5.1. EfEmzk

K16 W MWCNTSs/TiO, ENOWL it P fE. NOTE % 1A
BV 5, WP RRE AR 189 mg/m®. Je A 55 i, A0 <k
N FEAHEAL S5V 2%, NOW I %, 423 minhi, 151K,
h162 mg/m’®. Bl #5 ¥ B R MWCNTS/TiO, Wi Fff v 1,
NOK 53 i [0 FF, 18 min b 2L 4G . W LUF H,
R 7 B MWCNTSs/TiO, X NO [/ W B 2% 2 5 g vl ik 3]
14%.

7 AR BT AN [ A 70 L R e AR A 0.
A DL, A A RN, S Ak i i R gk vT Bk
A, Rano i 16%. TEEAME IR NOM [ MVt 72 5 s ik 2
JHZ 7 A I LB ARABL, NOFALTE I IRINOL 71 58 A )
WOR R R AR A AR O, HETT O O, ) N JE A%
SR O, SR PEY) O KOs 11 TE B 1 T NOI
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et F AR, AC RN AL R 41 5 B 35T 7

NO, + hv — NO + O 1
O+0,—-0;+0+M 2)

O3+ NO — N02 + 02 (3)

O+ NO + M — NO, + M )

O +NO,+ M — NO;+ M %)
O3+ N02+ M — NO3+ 02+ M (6)

S e A0 TS S5 6 0 R0 HE RRUE 2R I 2
MWCNTS/TiO, ¥ 7 Jie, LAF ey M5 ' e A0 711 422 f
I, SIE K S I IS ), DR LA 0 B 5 A e T PR b A
TR0 G A R R e el I 7 0] I, 7R AR
AT T JR UKL R A7 A2 A IR HENO TR IBE B, Rvo S 11T
APTT R FERHAT 8 ISR SRR, BEAIK T NO
FEZ UV e &, 43 Rao TR, 7RG A AL oA 52 56 vh ek
JE IR (1) 5% W 1 LA 20 AN T
MWCNTSs/TiO, 5 TiO, I¥] Rno 73 93 24 46% F135%, 11
B TAE AT I Ryo. 5 GALANOR R Fi AR
bb, AL FAEAE T O CREA B bR BB A R, et th 7
52 IR T e i I AR A 5 B R, T DU OK & 16 A
TN, BRI R RO TIER T, S5 0. H
H,O [ N Ji 4377 A2 — R AR s AL 1 B 25O, FI-OH AR,
MIMAENOA Rt A A8k, Sk ™1 24 BN O,, HNO,
FIHNO;. DevahasdinZ5:Z 19\ K, NORIAEAL 7= W) (K JE 1%
R & A, BINO — HNO, — NO, — HNO;; 7£ 2
UGB B, P2 LANO, FTHNO, N 325 fH J W k4T 21—
SE B, PRI LLHNO; A 32, B Y 4 A 77 36 1 S R
M) 2= FPHIHNO,—HNO; (1) e By ik F . 3= B S W LB
(23241 53 gt J W 5 (7)—(13):

TiO, + hv - e + h' ©)
h* + OH — -OH ®)
e + 0, » Oy )
NO +OH — HNO, (10)
HNO, +OH — NO, (11
NO, +OH — NO;~ (12)
NO + O, — NOs~ (13)

3.5.2. MWCNTSsH 1k it Al B 22

17 7] DL, TiO, 4y i AL 71 I Rao 1 4 35%, 1Tl
MWCNTS/TiO, ] Rno 1 35 46%, LI KA =, % —,
MWCNTs EAG 0115 Btk e, w] DU A H - DA i
WIEP20 Tio, AT PRI T 5 B 5 12, ITMWCNTSs
(19 47 70 4 TiO, 3 4t 7 #0411 i 71T 8 B i, R ik
Ti-O-CH B W T, K T T/ 4. 28,
MWCNTSs [ 51 A A1) T TiO, fi B ) (1 42 K. Devi
SRR R, A R T B A A
A AR E A MINE S, LR E AN E. AARDN
AL RO (R DG A A 7 AT DAY D 23 7 3 8 B 3R T )

), 9> R A L%, 38 =, MWCNTSs[H) 5] A E 453
AR T8 B AR, DRI SR 2 . AR SR R4
Pt LA365 nmoh TP AC AT, 7E400-800 nmlX 51
A Ot 9 A7 7F , MWCNTS/TiO, 2% #5 55 & 1) % A% Af 75
MWCNTSs/TiO, 71 AH ] [ MG B R 0] DUOKR B8 22 (1) %
T
353, WESAS M HERRERIZME

K18 (a) ANOWI LA FEXF TG A oA 803 (1 56 . HH
B R] DL, Bt A5 NOMR 2 1R 38 1, 6 A It i 238 M 46% 312 ¥t
T % %221%, 5 Langmuir-Hinshelwood % W 5l 77 2% i #
MG, AEARRENOMIAAE T, RNV K—R N 1
WL, SN 0%, e fe et FRue, e
A T EAH—EIRBEISO,, A THRFESOXNO
I B R IR 5200, K5 155—1241 mg/m® SOLVEN Y R 45,
WE8(b)FT7R, 24155 mg/m’ IS0, 3E N W R 48, Rao
MA6% %A 39%; 421241 mg/m’ I, Ryoitk— 25 B £229%.
Li %5 PSIF 5 28 0, NO =5 2L PR 1 4 A 771 2 1T 1) 72 3k
FE A1, 1 5 5 A1 R0 ot A% S8 AR Dl SO 19 R B A7 5 1290,
NOFASO, [l Bf 1N S WA 2 Ji, %of S [0 A7 ped 2
H 11 56 4 B3 30T Ravo B B

VFZ TR, O FTHOX Tt Ak S A i F A
FERE. PEI8(c) A O B R G Ak A R (W s . 7T
ToOFAT N, Ruof N 17%; 2409 L1 N 42.8%, Rno i
1246%. EI8(d) I H O BERTGHE A WAl 83 R 5 ./
5% H O 4511 T Raoik Bl s KAE, 4146%; 4kEEH INH,0
WP EN15%, Raol% 241%. 45 9R W, 1& 43 mH,0 10,
W E ek e A A Ik A M N K (8) R(9) T LA
i, O FIH O 7K M B B I¥I #2343 531 55 3 78 2 b AL A&
T )6 A W AR s, T O S AP 1 O, F-OH.
O S FA LI A Ay 1 BB 25 7 7 () Rl B, A2
KT IR (10)-(13), 1 13 6 A0 A 25 % 188 KB A
XF 10, HyOX G IR S B 52 5671, 50, AL, -OH
HAG WAL bE; 55— 05 ITHO % Y6 Ak i A L A i1
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