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A series of V,05/TiO,-carbon nanotube (CNT) catalysts were synthesized by sol-gel method, and their
activities for NOx removal were compared. A catalytic promotional effect was observed by adding
CNTs to V,05/TiO;. The catalyst V,05/TiO,—CNTs (10 wt.%) showed an NOx removal efficiency of 89%
at 300°C under a GHSV of 22,500h-!. Based on X-ray diffraction, scanning electron microscopy,
X-ray photoelectron spectroscopy, Raman spectroscopy, NH3-temperature-programmed desorption,
temperature-programmed reduction, Brunauer-Emmett-Teller surface area measurements, differential
scanning calorimetry, and thermogravimetric analysis, the increased acidity and reducibility, which could
promote NH; adsorption and oxidation of NO to NO,, respectively, contributed to this promotion.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOx) discharged from power plants, waste
incinerators, industrial boilers, engines, and automobiles can result
in acid rain, photochemical smog, and ozone depletion. These
adverse effects have aroused worldwide attention. Due to the
increasing threat of NOx to the environment, many approaches
have been investigated to control NOx emission. Selective cat-
alytic reduction (SCR) technique has been proven to be one of the
most effective methods for reducing NOx emissions [1,2], although
selective non-catalytic reduction (SNCR) has been well applied [3].
A large number of SCR catalysts have been explored, including
noble metals [4,5], transition metal oxides [2,6,7], and zeolites [8,9].
Among them, V,05-WO3/TiO, has been extensively used in the
industry. The WOj is introduced to prohibit catalyst poisoning by
sulfur dioxide and also as a catalyst activator [10,11]. However, the
operating temperature for these catalysts is usually above 300°C.
Exhaust gases usually contain a large number of fly ash and SO,,
which can easily deactivate the catalysts. Thus, developing active
SCR catalysts that can be used at relatively low temperatures (for
example below 250°C) is needed, so that SCR systems could be
installed downstream of the desulfurizer and electrostatic pre-
cipitator. Low-temperature catalysts contribute to lower energy
consumption and help simplify the retrofitting of SCR devices for
flue gas cleaning [12].

Recently, many researchers have strived to develop low-
temperature catalysts. For example, V,0s/activated carbon (AC)
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[13], V205/carbon nanotubes (CNTs) [14], Mn-Ce/TiO, [15], man-
ganese oxides (MnOyx) [16,17], and MnOx-CeO, [18] have been
reported to have high activity at relatively low temperatures. More-
over, CNTs possess unique electronic transportation properties and
facile flowing 7w bond [19,20], which enable them to function as cat-
alytic supports. CNTs have been observed to facilitate elimination
of organic pollutants [21,22]. They have also been found to be good
NOyx adsorbents [23]. Huang et al. [14] reported that V,05/CNT cat-
alysts showed good activities in the SCR of NO at 373-523K. In
the present study, we report the reduction of NOx with ammonia
over V,05/Ti0O,-CNT catalysts, in which TiO, and CNTs are used as
composite supports. The main purpose of this paper was to eluci-
date the promotional effect of CNTs on V,05/TiO, based catalysts.
And the catalysts were pasted on Al plates to form a plate-like
structure with parallel channels, which offer certain advantages
to large-scale industrial applications: (i) lower pressure drop due
to the large open frontal area with parallel channels; (ii) superior
attrition resistance and lower tendency to cause plugging of fly ash;
and (iii) higher external surface area per unit volume of catalytic
reactor [24].

2. Experiments
2.1. Catalyst preparation

The samples were prepared by sol-gel method [11]. Multi-
walled carbon nanotubes (MWCNTSs) were synthesized by chemical
vapor deposition using Co-doped MgMoOQy, as catalyst [25,26]. The
MWCNTs were purified in concentrated nitric acid for 2 h and then
dried and ground for later use. Tetrabutyl titanate and ammonium
metavanadate were used as precursors of TiO, and V,0s, respec-
tively.
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Table 1

Summary of the surface element composition and structure property of catalysts.
Material (A, B, C)? Atomic ratio® (V, Ti, V/Ti) CNTs (wt.%) S (m?/g) Pore volume (cm3/g) Pore diameter (nm) Notation
V,05/TiO; (0.33, 102, 0) (0.0053, 0.2048, 1:40) 0 7.4 0.004 3.9 V-Ti
V,05/Ti0,-CNTs (0.33, 97, 1.27) (0.0018,0.1679, 1:100) 5 68 0.055 32 V-Ti-C-5
V,05/TiO,-CNTs (0.33, 92, 2.6) (0.0017, 0.0806, 1:50) 10 74 0.071 3.8 V-Ti-C-10
V,05/TiO,-CNTs (0.33, 87, 3.8) (0.0011, 0.0833, 1:75) 15 75 0.086 4.6 V-Ti-C-15
CNTs - - 131 0.658 20 CNTs

3 The letters A and C represent the measured mass of ammonium metavanadate and CNTs, respectively and B represents the measured volume of tetrabutyl titanate.

b The atomic ratio was determined by XPS.

Details of catalyst synthesis are as follows. First, purified
MW(CNTs (1.27-3.8 g), acetic acid (13 mL) and tetrabutyl titanate
(97~87 mL) were ultrasonically dispersed in ethanol for 30 min,
ammonium metavanadate (0.3g) dissolved in oxalic acid and
deionized water (4 mL) was added and ultrasonication was con-
tinued until a sol was formed. The sol was aged in air for two
weeks, and transformed into a gel. The gel was dried at 100°C and
finally calcined at 450°C for 2 h in N, to obtain V,05/TiO,-CNTs.
For comparison, V,05/TiO, catalyst was also prepared through the
same method. All catalysts were pasted on 10 aluminum plates
(3 cm x 10cm) with 20% organoclay, which were then inserted into
a fixed-bed flow reactor. The distance between each plate was
approximately 5 mm. The notation and physicochemical properties
of catalysts are summarized in Table 1.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were recorded on an X-
ray diffractometer (Philips XD-98) using Cu Ko radiation
(A=0.15406 nm). Brunauer-Emmett-Teller surface areas, pore
diameter, and pore volume were measured using an ASAP2000
physical adsorber. Sample morphology was characterized by scan-
ning electron microscopy (SEM; JEOL S-4800). X-ray photoelectron
spectroscopy (XPS) was conducted on a Kratos Axis Ultra-DLD with
Al Ka as radiation source and calibrated by the carbon (1s) line at
284.4eV. The Raman spectra were obtained on a Labor Raman HR-
800 (JDbin Yvon) at 10 mW of the 514.5 nm line of an Ar ion laser
to analyze the surface species and the interaction among the metal
oxides. Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) of V-Ti-C-10 were done on a DSCQ1000 from
room temperature to 1000°C at 10°Cmin~! in air.

The temperature-programmed reduction (H,-TPR) experiment
was carried out from 50 to 700°C in a 1690 Gas Chromatograph
using 50 mg of samples. Prior to the analysis, the catalysts were
pretreated at 300°C for 30 min in air. The TPR runs were carried
out at a heating rate of 10°Cmin~! using a stream of 5% H, in
argon at a flow rate of 40mLmin~!. The hydrogen consumption
was measured by a thermal conductivity detector calibrated with
CuO.

The NH3; temperature-programmed desorption (NH3-TPD)
experiment was performed to determine the acidity of catalysts.
A 50mg of each catalyst was loaded in the reactor and was pre-
treated in a helium stream (30 mLmin~!) at 550°C for 1h, and
then cooled to 100°C in the same stream. The pretreated sample
was then exposed to NH3 (4%) at a flow rate of 20mLmin~! for
3 h. The physisorbed NH3 was removed by flushing the catalysts
with N, at a flow rate of 30mLmin~! for 1h before starting the
TPD experiment. Experimental runs were recorded by heating the
samples in N (30 mLmin~!) from 100 to 1000°C at a heating rate
of 10°Cmin~1.

2.3. Catalytic activity characterization

An NO-NO,-NOy analyzer (Testo AG-testo 350) was used to
measure the inlet and outlet concentrations of NO and NO,. The

catalyst temperature was measured using a thermocouple project-
ing into the center of the reactor. Dry air was used as the source
of O,, and Ny was used as the balance gas. The premixed gases (1%
NO/Ar, 1% NH3/Ar) were prepared to formulate the flue gas in the
experiments. The reaction conditions were as follows: 500 ppm NO,
500 ppm NH3, 6% O3, 200 ppm SO, and 2.5% H,0 (when used). The
reacting gases were mixed and preheated at 100°C before being
introduced into the reactor. The activity measurements were per-
formed from 100 to 300 °C, at increments of 25 °C under the total
flow rate of 500 mL min~—!, corresponding to the GHSV 0f 22,500 h~!
and the flue gas velocity of approximately 1.0 cm/s. A steady-state
experiment was conducted at 300 °C for about 23 h with a GHSV of
22,500 and 33,750 h~!, respectively.

3. Results and discussion
3.1. Catalytic activity

3.1.1. The effect of CNTs on SCR

Fig. 1(a) shows the NOyx conversion as a function of temper-
ature over different catalysts. The V-Ti catalyst presented the
lowest activity for reduction of NOx at 100-300°C, with the high-
est removal efficiency of 70% at 300 °C. Its catalytic performance
was consistent with other reports [14,27]. The performance of the
catalysts increased with the introduction of CNTs. The best per-
formance was achieved with V-Ti-C-10 in the whole temperature
range; at temperatures above 175°C, its NOx removal efficien-
cies were at least 20% higher than those of V-Ti under similar
conditions.

To evaluate catalytic activity for NOx conversion, kinetic param-
eters were calculated according to the simplified Eqgs. (1) and (2)
based on the assumption that the reaction is first-order dependent
on NOx and zero-order dependent on NH3, though the reaction is
complex, taking into account for the simultaneously occurring of
deNOy and NOx-formation (through oxidation of NH3) [3,28,29].

k:—%xln(l—x) (1)
k=A exp (%) (2)

where k is the reaction rate coefficient (mLg~1s-1), V is the total
gas flow rate (mLs~!), W is the mass of the catalyst (g), x is
the conversion of NOx (%), E, is the apparent activation energy
(Jmol-1), A is the pre-exponential factor, R is the gas constant
(8.3145] mol-1K-1), and T is the temperature (K).

The variation of k with temperature is presented in Fig. 1(b).
The values of k for the catalysts V-Ti and V-Ti-C-10 were found to
be 2.49 and 3.66, respectively, at 300 °C; this indicates a marked
increase in the reaction rate by CNTs. The apparent activation
energy for catalysis by V-Ti, V-Ti-C-5, V-Ti-C-10, and V-Ti-C-15
were calculated to be 48.97,37.78,32.95, and 34.2 k] mol~!, respec-
tively, according to the Arrhenius plot. These findings indicate that
catalytic reaction was easier over V-Ti-C-10.
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Fig. 1. (a) The NOx conversion at temperatures over different catalysts. (b) The
kinetic rate constant k at temperatures over different catalysts. Reaction conditions:
NO 500 ppm, NH3 500 ppm, O, 6%, N, as the balance gas, GHSV=22,500h".

3.1.2. The effect of CNTs on NO oxidation activity

Oxidation of NO in NOx removal has gained attention in
research. NO, is always favored over NO for NOyx removal with
NH3 under oxidizing conditions [2,9]. The SCR rate can be substan-
tially increased when a fraction of NO in the exhaust is converted
to NO, [28]. A comparison of the efficiency of oxidation of NO
to NO, with O, over different catalysts is shown in Fig. 2. The
oxidation of NO to NO, over V-Ti increased with temperature.
The conversion reached the maximum (35%) at 250°C, and then
decreased with further increase in temperature. The trend of
curves for NO oxidation to NO, was quite similar among the var-
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Fig. 2. NO oxidation activity at different temperatures over catalysts. Reaction con-
ditions: 600 ppm NO, O, 6%, N, as the balance, GHSV=22,500h-"1.
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Fig. 3. Catalytic reduction of NOy at temperatures over catalyst V-Ti-C-10. Reaction
conditions: NO 500 ppm, NH3 500 ppm, O, 6%, 2.5% H,0 and 200 ppm SO, (when
used), N, as the balance gas, GHSV=22,500h-1.

ious catalysts, whereas the conversion of NO to NO, increased
with the addition of CNTs. The oxidation efficiency of NO to
NO, over V-Ti-C-10 (61% at 250°C) was much higher than those
over other catalysts. Therefore, the NOyx removal efficiency pro-
motion at temperature below 200°C could be attributed to the
high NO, concentration, which promotes the fast reaction of
“2NH3 + NO +NO, =2N; +3H,0”. When the temperature is above
200°C, the reaction of “8NH3 + 6NO, = 7N, + 12H,0” also promotes
the deNOy reaction, therefore, high NOx removal efficiencies are
still obtained at high temperatures [30].

3.1.3. The effect of SO, and H50 on catalysis by V-Ti-C-10

H,0 and SO, are common components of industrial exhaust
gas; thus, investigating their influence on SCR activity is important.
Therefore, transient and steady-state experiments were conducted
over V-Ti—-C-10. As shown in Fig. 3, when 200 ppm SO, was added,
NOx removal increased, especially at high temperatures. This
phenomenon was consistent with observations in other reports
[13,27,28,31]. This increase could be ascribed to the unstable sul-
fite formed on the surface of the catalyst, which can react with the
chemisorbed oxygen to form sulfate, and thus increase the acid-
ity of catalyst at relatively high temperatures [28,31]. Fig. 3 shows
a slight decrease in catalytic activity with the introduction of 2.5%
H, 0. This negative effect can be attributed to the adsorption of H,O
on the active sites or to the inhibition of the reaction between NH3
on Lewis acid sites and NO [27,31].

A positive effect on NOy removal was observed when 200 ppm
SO, was introduced to the flue gas under steady state (Fig. 4). When
2.5% H,0 was added, the catalytic property of V-Ti-C-10 slightly
decreased. However, no remarkable deactivation occurred when
both H,0 and SO, were added. When the GHSV was increased from
22,500 (PartI)to 33,750 h—! (PartII), the NO conversion was slightly
reduced after several hours of continued testing. According to pre-
vious studies [27,30,32], the balance of sulfate salt formation and
consumption is the main mechanism that controls the deactivation
of the catalyst. The sulfate deposition rate is determined by the bal-
ance between its formation and its reaction with NOx. A high GHSV
increased the sulfate formation, which caused an over deposition
of sulfate species, thus resulted in the slight reduction of catalytic
activity by partly covering the active sites.

3.2. Characterization
3.2.1. Microstructure and morphology analysis

The XRD patterns of V-Ti, V-Ti-C-5, V-Ti-C-10, and V-Ti-C-
15 are shown in Fig. 5. The peaks corresponding to TiO, (anatase)
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Fig. 4. Catalytic reduction of NOx at 300°C over catalyst V-Ti-C-10. Reaction con-
ditions: NO 500 ppm, NH3 500 ppm, O, 6%, 200 ppm SO, 2.5% H,0 (when used).

appeared in the patterns of V-Ti-C-5, V-Ti-C-10, and V-Ti-C-15.
The peak at 26.4° is attributed to the peak for CNTs that overlapped
with that of TiO, at 25.3° [33]. Most peaks for V-Ti were assigned to
anatase TiO,, except for a very small peak corresponding to rutile
TiO,. No peak corresponding to V,05 was observed in all catalysts;
this indicates that the amount of its crystalline was too small to
be detected. Moreover, the peaks of V-Ti were much sharper than
those of the other catalysts. This indicates that the grain size of the
catalysts decreased with the addition of CNTs. The crystalline sizes
of V-Ti, V-Ti-C-5, V-Ti-C-10, and V-Ti-C-15 calculated from the
XRD peaks at 26.4° were 15.3, 9.4, 10, and 9.4 nm, respectively. In
summary, the introduction of CNTs reduced the grain size of the
catalyst particles, which perhaps contributed to the large specific
surface area and good dispersion of catalysts with CNTs.

20/degree

Fig. 5. XRD patterns of the TiO,-based catalysts. (a) V-Ti; (b) V-Ti-C-5; (c) V-Ti-C-
10; (d) V-Ti-C-15.

The specific surface area, pore volume, and pore diameter of the
catalysts are summarized in Table 1. Both surface area and pore
volume increased with the introduction of CNTs. Although the sur-
face area of the catalysts may not be the determining parameter
in SCR activity [17], the high surface area and pore volume may be
important to the catalytic reduction of NOx by NH3, because high
surface area can offer more active sites for reaction.

The V,05 content of the surfaces of V-Ti, V-Ti-C-5, V-Ti-C-10,
and V-Ti-C-15 were 7, 0.81, 0.74, and 0.73 pmol m~2, respectively
(assuming that all active components were present on the surface of
the catalysts). These are lower than values obtained by monolayer
coverage (commonly accepted to be 6-7 umolm~—2 for vanadia),
except for catalyst V-Ti [14].

Fig. 6. SEM images of TiO,-based catalysts. (a) V-Ti; (b) V-Ti-C-5; (¢) V-Ti-C-10; (d) V-Ti-C-15.
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Fig. 6 shows the SEM images of the catalysts V-Ti, V-Ti-C-5,
V-Ti-C-10, and V-Ti-C-15. The mean grain size of V-Ti particles
was about 15 nm, and had uniform distribution. When CNTs were
introduced, the V,05/TiO, particles were dispersedly coated on the
surfaces of the CNTs, and their grain size was reduced to ~10 nm.

3.2.2. Surface species analysis

The Raman spectra of the catalysts are shown in Fig. 7. All cat-
alysts produced Raman peaks at 146, 196, 395, 511, and 633 cm™!,
which correspond to the anatase phase of TiO,. Typical Raman
peaks of CNTs centered at 1350 (D peak) and 1590 cm~! (G peak) in
the spectra of V-Ti-C-5, V-Ti-C-10, and V-Ti-C-15 were detected
[34,35]. The intensity of the anatase peaks decreased with the
introduction of CNTs; this indicates the reduction of the surface
concentration of TiO,. This implies that the surface coverage of
V,05/TiO, was reduced by the introduction of CNTs. This was con-
firmed by the XPS results, as shown in Table 1. Moreover, no Raman
peak ascribed to V,05 was observed on all catalyst spectra, which
may be due to the low V,05 loading on the surface [34].

The O 1s peaks are displayed in Fig. 8. The peak at 529.6-530.0 eV
corresponds to lattice oxygen (hereafter denoted as Og), whereas
the peak at 531.3-531.7 eV corresponds to several O 1s states of
surface-adsorbed oxygen (hereafter denoted as O, ) [36]. As shown
inFig. 8, the Og concentration decreased with the addition of CNTs.
The relative concentration ratio of O /(O« +Og) of V-Ti, V-Ti-C-5,
and V-Ti-C-10 were calculated to be 0.21, 0.20, and 0.21, respec-
tively. The concentration of chemisorbed oxygen almost remained
unchanged with the introduction of CNTs; this form of oxygen,
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Fig. 8. XPS spectra of O 1s over catalysts. (a) V-Ti; (b) V-Ti-C-5; (c) V-Ti-C-10.
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Fig. 9. The NH3-TPD curves of TiO, based catalysts: V-Ti; V-Ti-C-5; V-Ti-C-10.

though, has been suggested to be helpful for SCR [36,37]. The shift of
the Og peak to a higher binding energy suggests a weak interaction
between lattice oxygen and metal atoms, which could be beneficial
for redox circle and the oxidation of NO to NO, in the SCR [37].

3.2.3. Surface acidity

Fig. 9 shows the NH;3-TPD profiles over V-Ti, V-Ti-C-5, and
V-Ti-C-10. Two main peaks were observed on V-Ti, namely, a
broad peak at ~593°C and another at ~782°C. The profiles of
V-Ti-C-5 and V-Ti-C-10 were similar, and both produced two
peaks centered at 222, 821, 188, and 846 °C. Notably, the peaks cen-
tered at ~800 °C shifted to a higher temperature over the catalysts
with CNTs. This suggests that the surface acidity of the catalysts
was improved. These data clearly indicate that CNTs could increase
the acidic strength of the catalyst, and thus facilitate the adsorp-
tion and activation of NH3 during catalysis. Based on the foregoing
analysis, we can correlate the acidic strength of the upgraded cata-
lysts to the catalytic activity in the reduction of NOy [38]. The total
amount of acidic sites on V-Ti, V-Ti-C-5, and V-Ti-C-15 were 716,
220, and 185 pmol g~1. The total number of acidic sites of the cat-
alysts did not correlate with the activity of SCR, which was in good
agreement with the results of Amiridis et al. [39]. Thus it seems
that the strong acid sites contribute to the high catalytic activity in
NHg—deNOX [40]

3.2.4. Reducibility

Fig. 10 presents the H,-TPR profiles of V-Ti, V-Ti-C-5, and
V-Ti-C-10. A broad peak from 391 to 638 °C was produced by V-Ti,
whereas V-Ti-C-5 and V-Ti-C-10 gave rise to sharp peaks at 518
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T
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Fig. 10. The H,-TPR curves of based catalysts: V-Ti; V-Ti-C-5; V-Ti-C-10.
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Fig. 11. The TGA-DSC curves of catalyst V-Ti-C-10.

and 497 °C. These peaks can all be ascribed to reduction of vanadia
from V°* to V3* [6,37,41]. In contrast to a previous report that sev-
eral peaks above 627 °C were observed on unsupported V,0s5 [41],
only one peak was observed in our study, which was associated
with good dispersion of V,05 on the support. This is in agreement
with the XRD results in Fig. 5. The shift of the peaks to lower tem-
peratures indicates that the reducibility of catalysts increased with
the addition of CNTs. This is in good agreement with the peak shift
of Og in Fig. 8. This suggests that SCR occurred more easily over
V-Ti-C-10 compared with that over V-Ti. The H, consumptions of
V-Ti, V-Ti-C-5, and V-Ti-C-10 were calculated to be 74, 232, and
497 wmol g~ 1, respectively. Alarge increase in H, consumption was
observed upon addition of CNTs, which probably contributed to the
high oxidizing ability of NO and catalytic performance.

3.2.5. Stability

The TGA-DSC curves of V-Ti-C-10 are presented in Fig. 11. The
weight loss from room temperature to 200 °C corresponds to the
loss of chemisorbed H;O on the catalyst surface [42]. A small peak
at 286°C on the DSC curve may indicate the oxidation of amor-
phous carbon in CNTs. A sharp weight loss took place along with the
appearance of exothermic peaks at 420 °C, which may be ascribed
to the loss of carbonaceous fractures formed during CNTs purifica-
tion. The peak centered at 650 °C could be assigned to the oxidation
of CNTs [23,43]. Based on the TGA-DSC data, the prepared catalyst
was stable within 100-300°C.

4. Conclusions

In summary, SCR activity was significantly promoted by the
introduction of CNTs into the traditional catalyst, V,05/TiO,. The
catalyst V,05/TiO,-CNT (10 wt.%) showed an NOx removal effi-
ciency of 89% at 300°C under a GHSV of 22,500 h~!. The addition
of CNTs could increase the specific area, pore volume, acidity, and
reducibility of the catalysts. Higher reducibility of the upgraded
catalyst with CNTs might improve the oxidation of NO to NO,,
and thus contribute to the promotion of NOx removal. Moreover,
V,05/TiO,-CNTs showed high resistance to SO, and H,O.
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