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Abstract—TiO, nanotubes (TNT) were prepared by hydrothermal method at 140 °C for 23 h. The V,O/TNT (VINT)
catalysts were obtained by impregnation in NH,VO, solution. The VTNTSs exhibited much higher denitration efficiency
than those supported on the raw TiO,, and satisfactory resistance to water and sulfur. Results from BET, TEM, XRD,
NH;-TPD and EPR verified that V,0; was dispersed well on TNT, thus favoring NH, adsorption, promoting the trans-
formation from V*" to V*, conducing to the formation of oxygen vacancies and superoxide radicals in the presence
of NH; and O,, and then resulting in the high catalytic activity of VTNTs.
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INTRODUCTION

Nitrogen oxides (NO,) contribute to a variety of harmful envi-
ronmental effects such as acid rain, photochemical smog and ozone
depletion [1,2]. Selective catalytic reduction (SCR) of NO, by NH,
in the presence of O, remains one of the most effective processes
for the removal of NO [3,4]. V,04/TiO, and V,0,-WO,/TiO, (ana-
tase) catalysts operated at 350-400 °C, with less than 1% V,O; load-
ing, have been widely accepted as commercial catalysts [5-7]. To
make full use of high temperature flue gas, the denitration unit has
to be located upstream of the electrostatic precipitator and desulfur-
ization. However, the flue gas without dust removal contains a high
concentration of fly ash (e.g., K,O, CaO and As,O;), which reduces
catalytic performance and shortens the lifetime of catalysts [8,9].
In addition, high temperature can cause a series of side reactions,
such as the oxidation of NH; into NO, the formation of N,O, and
the agglomeration of catalysts [10]. Therefore, it is essential to de-
velop superior SCR catalysts with high activity at low temperature
(<250 °C) to avoid those drawbacks.

The V,04/TiO, catalysts system has advantages of mature tech-
nology, high selectivity and good resistance to water and sulfur, com-
pared with other catalysts. It has been extensively studied in order
to improve the catalytic activity at low temperature, reduce cost in
industry application, raise economical benefits and provide the modi-
fication of other catalyst system with guidance and direction. Other
metal oxides such as WO,, MoO, and CeO, were adopted as pro-
moters to improve catalysts’ properties [11-13]. Non-metal doped
vanadium catalysts were developed to increase the amount of sur-
face superoxide radical by lattice distortion [14,15]. The modification
of carriers was also investigated, such as TiO,-ZrO, [16], TiO,-SiO,
[17], carbon nanotubes [ 18], and activated carbon fibers (ACF) [19].

TiO, has been extensively applied as support for its low cost, ex-
tensive sources, non-toxicity, stability and the resistance of SO, [20-
22], so we targeted the modification of TiO, carrier. In general, high
specific surface area can promote the dispersion of the active spe-
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cies and then improve the catalytic activity [23]. Thus, increasing
the surface area of TiO, becomes a possible approach to improve
the catalytic activity under low temperature. TNT has much larger
surface area than nanoparticles and nanometer films. Moreover, it
possesses fine mechanical properties and good chemical stability.
Hydrothermal synthesis is a promising method to synthesize TNT
for its facility and low cost; furthermore, it’s easy to achieve desir-
able morphology by controlling processing parameters [24]. Syn-
thesized with hydrothermal treatment in alkaline solution, TNT has
large specific surface area, uniform diameter, fine purity and high
adsorptive capacity. Our work focuses on the application of TNT
on SCR catalysts, and illustrating the function of TNT in improv-
ing the catalytic activity of vanadium catalysts.

EXPERIMENTAL

1. Preparation

TNT was synthesized with a similar method to that reported by
Kasuga et al. [25]. 6 g TiO, nanopowder (Commercial titanium pig-
ment, Nanjing High Technology of Nano Material Co. Ltd.) was
hydrothermally treated with 10 M NaOH aqueous solution (100 mL),
sealed in a Teflon autoclave (200 mL) and heated at 140 °C for 23 h.
The slurry was first washed with deionized water until neutral, and then
immersed into 0.1 M HNO; aqueous solution for 24 h. The slurry was
scoured with deionized water until neutral again, and then filtered.
Whereafter, the samples were dried at 80 °C overnight, and then cal-
cined at 350 °C, 400 °C, 450 °C, 500 °C, denoted as TNT-350, TNT-
400, TNT=450, TNT-500, respectively. VINT catalysts were prepared
by impregnation in proper quantities of NH,VO; solution with heating
and agitating for 1 h to acquire catalysts with 1 wt% V,0; loading. The
products were dried at 120 °C, and then calcined at 350 °C, labeled
as VINT-350, VINT-400, VINT-450, VTNT-450, respectively.
2. Activity Test

Research on selective catalytic reduction of NO with NH; was
conducted over a fixed-bed reactor (i.d. 6.8 mm) at 120-300 °C under
normal pressure. The fixed bed packed with 0.5 g catalyst particles
(20-40 mesh) with a type K thermocouple was placed at the center
to monitor temperature. The gas flow was all controlled by mass
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flow controllers (SY-9303B). The feeding gas mixture consisted of
800 ppm NO, 800 ppm NH;, 4 vol% O,, 400 ppm SO, (when used),
and 4 vol% H,O (when used), balanced with N, to reach a total flow
rate of 150 mL/min. The GHSV was 16,521 h™'. Before testing, the
catalyst sample was preabsorbed by the reaction mixture for 2 h to
avoid the influence of NO adsorption. The concentrations of NO,
at the inlet and outlet were analyzed by a flue gas analyzer (MRU
Vario Plus). Concentration measurement was carried out after the
reaction system was maintained for 1 h at each sampling tempera-
ture. The NO, conversion was defined as follows:

N Ox,in - N Ox, out
—Nomm x100% 1

NO, conversion=
3. Characterization

The BET surface areas were determined by N, adsorption with
a V-Sorbet 2800S automated gas sorption apparatus at —196 °C. The
morphology was observed through a JEM-2100 transmission elec-
tron microscope (TEM). Before TEM observation, the samples were
re-dispersed in ethanol by ultrasonic treatment and dropped on car-
bon-copper grids. The X-ray diffraction (XRD) measurements were
performed on a XD-3 diffractometer equipped with Cu-K,, radia-
tion (4=0.15418 nm) in the 2 &range of 10-80° using a step size of
0.02°, the tube voltage was 35 kV, and the current was 20 mA. The
NH, temperature programmed desorption (NH,-TPD) experiment
was all carried out on a Quanta Chembet 3000 with 200 mg of each
catalyst, and N, was used as the carrier gas. The flow rate of the
system was kept at 70 mL/min with the heating rate of 15 °C/min
from 60 °C up to 700 °C. Before NH,-TPD test, all the samples were
dried at 120 °C for 6 h. The electron paramagnetic resonance (EPR)
measurements were made with a Bruker EMX-10/12-type spec-
trometer in the X-band, the powder samples were tested at ~9.76
GHz under room temperature before and after the co-adsorption of
NH, and O,, and all the samples were 100 mg,

RESULTS AND DISCUSSION

1. Catalytic Activity
The activities of V,04/Ti0, (VTiO,) calcined at 350 °C and VINTSs
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Fig. 1. NO, conversion over VTiO, and VINTS calcined at differ-
ent temperature.

are presented in Fig. 1 for comparison. Obviously, the catalytic activ-
ity of VINT-350 was much higher than that supported on the raw
TiO,. Although their NO, conversion both generally increased with
the reaction temperature, the conversion of VINT-350 elevated dra-
matically after 180 °C, and that of VTiO, increased smoothly until
240 °C. When the temperature reached 270 °C, the NO, removal
rate of VINT-350 had already risen up to 93.05%, and that of VTiO,
was just 54.90%. It was noteworthy that the denitration efficiency
decreased with the increase of TNT’s calcination temperature, espe-
cially after calcining at 450 °C, the activity of VINT-450 declined
sharply, and was closely approximated to that of VTiO,. Linking up
with BET results and TEM images, the higher activity of VINTs
was associated with the good dispersion of V,0O; on TNT.
2. Durability Test

Because the catalytic activity over VINTSs declined with calcina-
tion temperature increasing, it was essential to investigate thermal
behaviors of the two catalysts experimentally. The experimental con-
ditions were the same as that of the activity test, and the NO, conver-
sion was recorded every 5 h. Fig. 2 shows the activity evolution of
VTNT-350 and VTiO, with time at 300 °C. The deNO, activity for
both of the catalysts maintained at the initial value after 120 h. It
indicated that despite being affected greatly by calcination temper-
ature, VINT-350 had good thermal stability at 300 °C.
3. Catalyst Characterization
3-1.TEM

Treated in alkali solution hydrothermally, Ti-O-Ti bonds of TiO,
ruptured to form intermediates containing Ti-O-Na or Ti-OH bonds.
These intermediates rearranged to form sheets of edge-sharing TiO,
octahedron with Na” and OH™ intercalating into the sheets. Through
Na" exchange with H" by acid washing or dipping, titanic acid nano-
tube (TAN) formed [26-28]. Subsequently, we could acquire TNT
after heat treatment of TAN. Fig. 3 exhibits the TEM images of TiO,,
TAN, VINT-350 and VINT-450. As is shown in Fig. 3(a), the raw
TiO, consisted of granular crystals with an average diameter of 20
nm. In Fig. 3(b), the product synthesized via hydrothermal treat-
ment possessed multi-layered hollow tubular structure with diameter
in the range of 8-12 nm. There were no nanoparticles that adhered
to TAN, but rather a few sheets still mixed with those nanotubes.
Fig. 3(c) shows that VINT-350 catalyst, after heat treatment and
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Fig. 2. The comparison of thermal stability over VITNT-350 and
VTiO,.
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Fig. 3. TEM images of TiO,, TAN, and VTNT-350 catalyst.
(a) TiO,; (b) TAN; (c) VINT-350; (d) VINT-450

impregnation of V species, still retained good tubular configuration.
The hollow structure of TiO, nanotubes could provide abundant
pore path that benefited the dispersion of V,0, and raised the deni-
tration efficiency. Furthermore, no bulky particles aggregating on
tube wall was observed. This demonstrated that the active compo-
nent was well dispersed over the TNT support. When TNT was
calcined at 450 °C, all the nanotubes unfolded into sheets, and some
sheets further fractured to the same particles as the raw TiO,, as shown
in Fig. 3(d). It might be the primary reason why the catalytic activity
of VINT-450 was closed to VTiO,, rather than VINT-350.
3-2.XRD

The XRD patterns of TAN, VTiO, and VINTS calcined at differ-

Intensity / a.u.

ent temperature are depicted in Fig. 4. TAN without any heat treat-
ment appeared vague peaks at 20 of 24.5° and 48.6° corresponding
to octahedron of H,Ti,05-H,O (JCPDS: 47-0124) [29]. As calcina-
tion temperature of TNT rose up to 400 °C, the peaks moved to 25.3°
and 48.2° respectively, with the crystal transition from orthorhombic
phase to amorphous TiO, as it shown in Fig. 4(a)-4(d). It caused the
coexistence of TAN and TNT in the XRD pattern under the relative
low calcining temperature. When the temperature reached 450 °C,
there were peaks around 25°, 38°, 48°, 54° and 55° corresponding
to (101), (004), (200), (105) and (211) of anatase phase (JCPDS:
21-1272) accompanied with the dilapidation and coagulation of nano-
tubes [29,30]. And the emergence of obvious anatase peaks dem-
onstrated good crystallinity of VINT and the rupture of tubular struc-
ture, leading to the sudden decline of VINTS’ catalytic activity. More-
over, as calcination temperature increased, layer structure of nano-
tubes disappeared, and the anatase peaks of VINT became sharper
and sharper, as well as the peak intensity got stronger, confirming
that the crystalline degree and size of VINT increased gradually
with the increase of calcining temperature according to Scherrer’s
equation. Compared with VTiO,, VINT-350 had even larger half
peak width, implying that its grain size was smaller and the specific
surface area was much higher, in accord with the BET results. In
none of the samples appeared the peak of V,0;, indicating that the
crystallite size of V oxides was too small to be detected by the dif-
fraction, or V,05 was well dispersed on TNT. The result was con-
sistent with the observation of TEM.
3-3.BET

The surface area of carriers played an important role in the disper-
sion of active species that could improve the catalytic activity [31].
The Sy of TAN without calcination, synthesized from the raw TiO,
with hydrothermal treatment, soared to 365 m*/g, which was four
times as large as that of the raw TiO,, as shown in Table 1. The pore
volume of TAN increased from 0.26 of the raw TiO, to 0.92 cm’/g.
After calcining, the Sz of TNT-350 decreased sharply to 222 m*/g,
and the S, declined along with increasing calcination temperature,
and so did the pore volume. This mainly resulted from the tubular
structure ruptured by calcination. However, the S, scarcely de-
creased, when VINT and VTiO, were loaded with a small amount
of vanadium; meanwhile, the pore volume gained a little. This indi-
cated that the V species was indeed loaded on the TNT support and
got good dispersion without agglomeration or blocking. VINT-350
had larger S, and its pore size distribution was more uniform than
VTiO,, leading to the improvement of the catalytic activity.

Although VINT450’s S, was still two times of VTiO,, its deni-
tration efficiency declined to the degree of VTiO,. We speculated from

Table 1. BET results of TAN, TiO,, VTiO, and VTNTs

Sample Sper Pore volume Pore size
i e P g’ (em'g") (nm)
10 20 30 40 50 60 70 80 TAN 365 0.92 10.6
TiO 38 0.26 20.0
20 /° 2
. 0 i C . . VTiO, 87 041 15.8
Fig. 4. i(RDt[:attems (t)f TAN, VTiO, and VITNTSs calcined at dif- TNT-350 272 0.80 10.8
erent temperature.
(2) TAN; (b) VTNT-250; (c) VTNT-350; (d) VINT-400; (¢) VINT-350 210 0.99 15.5
VTNT-450 176 0.75 16.4

VTNT-450; () VINT-500; (g) VINT-600; (h) VTiO,

April, 2013
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Fig. 5. NH;-TPD profiles of TNT-350, TiO,, VINT-350 and VTiO,.

the TEM and XRD characterization that the nanotubes were destroyed
by calcination at such high temperature, resulting in most active
sites sintering. As a result, the NO, removal was as low as that of
VTiO.,.
3-4.NH,-TPD

In fact, it was widely accepted that NH; adsorption and activa-
tion was not only the first step but also the essential one for the SCR
reaction [32,33]. The strong surface acidity of catalysts was required
to ensure sufficient NH, adsorption and further activation [34]. There-
fore, we compared the surface acidity of VINT-350 with VTiO,
by NH,-TPD testing, and further investigated the dispersion of V,0;
on the two different carriers and its internal connection with cata-
Iytic activity. Closely related to the dispersion of V species on the
support, NH; was mainly absorbed on both Brensted and Lewis
acid sites of V,0O; (0 1 0) surface [32]. To avoid the influence of
the supports, the NH, adsorption ability of TNT-350 and TiO, was
also examined. As seen from Fig. 5, there were no obvious desorp-
tion peaks for both TNT-350 and TiO,, the NH, desorption peaks
only arose after V,0; loaded on the carrier surface, indicating that
NH, reacted or was adsorbed only on the active sites of V species.
The TPD curves of VINT-350 were quite different from VTiO,.
A small amount of ammonia was desorbed from VTiO, with two
desorption peaks centering at 200 and 450 °C, and the whole des-
orption process had terminated before 530 °C. In contrast, there were
two broad desorption peaks with high intensity appearing at 260
and 570 °C for VINT-=350, respectively. Unfortunately, limited by
the test instrument, we couldn’t observe the integral peak shape.
However, it was enough to illuminate that the VINT-350 owned
higher amount of strongly bonded ammonia compared with VTiO,,
namely VINT-350 with fine dispersion of active component on TNT
possessed more strong solid acid sites in favor of denitration reac-
tion. The NH,;-TPD profiles revealed that the fine dispersion of V,0;
on the TNT support reinforced surface acidity of catalysts, favored
NH, adsorption and activation, and then drove the transform of V>*
to V*, resulting in the improvement of catalytic activity, according
to the Eley-Rideal mechanism [35].
3-5.EPR

To further explore the promotion of catalytic activity by good
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Fig. 6. EPR curves of VTNT-350 and VTiO, before and after aera-

tion with NH;, and O,.

dispersion under reaction atmosphere, the EPR spectra of VINT-
350 and VTiO, catalysts was measured before and after aeration
with mixed gas of 800 ppm NH; and 4% O, at 240 °C for 2h. V**
with 3d° electronic configuration was EPR silent due to the absence
of unpaired electron, while V** with 3d' was EPR sensitive splitting
into eight hyperfine peaks [36]. As shown in Fig. 6, the hyperfine
signal of V** in VINT-350 was clearer and stronger than that in
VTiO, before aeration, indicating that V,0; got good dispersion on
TNT. In the case of VINT=350, the signal of V*, superoxide radical
(05) and oxygen vacancy (V,;) was boosted sharply after the co-
adsorption of NH; and O,. Nevertheless, as to VTiO,, the obvious
signal of Ti** disappeared, the signal of V** was very weak and the
signal of superoxide radical and oxygen vacancy hardly changed.
The fine dispersion of V,O; raised the surface acidity of VINT-
350, promoted NH; adsorption and activation on the TNT carrier.
NH,; as electron donor could reduced V** to V** (even further reduc-
tion to V** in principle), generated more oxygen vacancy simulta-
neously [37]. O, captured an electron from low valent metal ions
or oxygen vacancy (which could captured electron from adjacent
metal ions), and then brought in more superoxide radical, which
was beneficial to the formation of NO; and NOj promoting low
temperature SCR reaction. The tremendous increase in oxygen va-
cancy and superoxide radical’s signal of VINT-350 under NH; and
O, stream, was mainly because of NH; abundant adsorption and
strong activation on the surface of VINT-350 closely connected
with the good dispersion of V species, and eventually resulted in
the increase of the NO, removal.
4. Effect of SO, and H,O on the Catalysts

To value the possibility of VINT on industrial application, we
investigated its resistance to sulfur and water poisoning, and for the
sake of comparison, the water and sulfur resistance over VTiO, was
also studied. Fig. 7 displays the evolution of catalytic activity over
VTNT-350 and VTiO, with the addition of 4 vol% H,0, 400 ppm
SO,, and 4 vol% H,0+400 ppm SO, into the feed stream at 240
and 270 °C, respectively. When SO, was introduced into the feed,
the denitration efficiency of VINT-350 at 240 and 270 °C both grad-
ually increased by about 5%, that of VTiO, only increased by about
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Fig. 7. Evolution of NO, conversion over VITNT-350 and VTiO,
in the presence of 4 vol% H,0, 400 ppm SO,, and 4 vol%
H,0+400 ppm SO, at 240 and 270 °C.

(a) VINT=350 at 270 °C; (b) VINT-350 at 240 °C; (c) VTiO,
at 270 °C; (d) VTiO, at 240 °C

3%, and all the NO, conversion reached stable state over a period
of time. When the SO, provision was shut off, the NO, removal ef-
ficiency dropped back to original level along with the consumption
of intermediates good for denitration reaction. It manifested that
SO, participated in the reaction, and the intermediates during the
reaction process promoted the NO, removal to a certain degree. This
promotion was not unique, Long et al. [38] and Zhu et al. [39] thought
that the promoting by SO, might be due to the formation of surface
SO;-, formed from SO, oxidation, and those surface SO; ions im-
proved catalyst surface acidity, increased the adsorption of NH, and
promoted NH; reaction with NO.

Once H,O was inlet, the NO, conversion over VTiO, declined
sharply by more than 10%, as to VINT-350, the conversion at 240
and 270 °C only fell by 5% and 2% or so, respectively. When H,O
was cut off, the catalytic activity in the above cases immediately
recovered. With 4 vol% moisture content, water inhibition only had
little impact on the catalytic activity over VINT-350. Moreover,
the inhibition was reversible and decreased with reaction tempera-
ture increasing, It didn’t achieve an agreement on the inhibition mech-
anism of H,O so far. Most researchers attributed water inhibition to
the competitive adsorption with NO and/or NH; on active sites [40].
Others thought that H,O inhibited the reaction of NO with adsorbed
NH, [41]. According to our results, H,O didn’t involve in the SCR
reaction, and we preferred to believe that it was the competitive phys-
ical adsorption of H,O with reactants on catalyst surface that leaded
to the reduction of NO, conversion.

When the feed stream contained H,O and SO, simultaneously,
the catalytic activity in the above cases declined rapidly, and the
NO, conversion over VINT-350 at 240 and 270 °C decreased to
62.70% and 82.02% from 73.36% and 94.41%, respectively. Sub-
sequently, all the conversion increased slightly, followed by the slow
reduction in the NO, removal. After some time, the conversion over
VTNT-350 at 240 and 270 °C stabilized around 57% and 78%, and
for VTIO, the data floated around 28% and 49%, respectively. When
the stream of H,O and SO, ceased, the NO, removal rebounded rap-
idly at first, and then declined swiftly. Finally, the NO, conversion
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rose gradually. After lengthy recovery, the NO, conversion still re-
mained about 3% less than that before the aeration of H,O and SO.,.
The steep drop of the catalyst activity suggested a synergistic inhibi-
tory effect of H,O and SO,, compared with the evolution when SO,
or H,O was added individually [37]. The sudden rebound before
and after the aeration of H,O and SO, demonstrated that the sulfate
salts on catalyst surface were helpful to the NO, reduction again.
However, in the presence of H,O, the deposition rate of sulfate species
increased dramatically, and was far greater than the consumption
rate. As a consequence, the sulfate salts not only deposited on the
catalyst surface but also covered active center, and blocked catalyst
pores and channels, causing decreasing in the NO, conversion. Fur-
thermore, H,O competed with reactants by physical adsorption, fur-
ther lowering the catalyst activity of VINT-350.

When feeding SO, or H,O to the reaction system individually,
VTNT-=350 exhibited higher tolerance to SO, and H,O than VTiO,.
However, when SO, and H,0 was in the feeding stream simulta-
neously, the de-NO, activity of VINT-350 decreased continuously
and took more time to recover. It could be attributed to the tubular
structure of VINT which was prone to blocking by deposited sul-
fate species.

CONCLUSION

The VINT-350 exhibited significantly higher catalytic activity
than the VTiO, in the broad temperature range of 120-300 °C. Char-
acterization results indicated that the increase in catalytic activity
was closely linked with the dispersion of V species on carriers. The
good dispersion of V,0; on TNT increased the surface acidity, which
was beneficial to NH, adsorption, as well as to the increase of de-
NO, activity. Study on the resistance of VINT-350 to SO, and H,0
showed that feeding SO, enhanced the NO, removal efficiency, and
H,0 inhibited the SCR reaction simply by competitive physical ad-
sorption with NO. The synergistic effect of SO, and H,O further
decreased the denitration efficiency because of the competitive adsorp-
tion with reactive gas and the excessive deposition of ammonium
sulfate into catalytic pores.
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