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Being a major poison, SO, is often avoided for selective catalytic reduction (SCR) of NO with ammo-
nia at low temperatures. In the present work, we report a V,05/CNT catalyst with high NO catalytic
activities tolerant to SO, moreover, whose SCR activity is promoted by the SO, at proper low temper-
atures. When the reacting temperature is higher than 200°C, SO, improves the SCR activity, while it
S0, ) is lower than 200°C, SO, deactivates the V,05/CNT catalysts. It seems that the reacting temperature
Promoting effect behaves like a switch, capable of turning on and off the poisoning reactions. Furthermore, the promoting
SNCOR effect of SO, exhibits a magnified tendency with decreasing V,05 loadings. TEM and EDS results indi-
V405 cate that the vanadium oxides should molecularly anchor on the surface of CNTs. X-ray photoelectron
spectroscopy, ammonia temperature-programmed desorption, temperature-programmed decomposi-
tion and temperature-programmed surface reaction results show that the promoting effect of SO, on
SCR activity originates from the formation of sulfate species on the catalyst surface. Based on these find-
ings, a promoting process is also proposed. More importantly, the V,05/CNTs catalysts show a great
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stability under the SO,-containing conditions after being operated for 100 h.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOx) have become a major source of air pol-
lution which result in photochemical smog, acid rain and ozone
depletion, and have strong respiratory toxicity endangering human
health [1]. Selective catalytic reduction (SCR) of NO with NH3 is an
effective and economical method to remove NOy. The general reac-
tion for SCR of NO is as follows: 4NO +4NHj3 + 0, — 4N, + 6H,0,
in which the common catalysts (TiO,-supported V,05) used are
always operated at high temperatures above 350°C to avoid SO,
poisoning [2,3]. The key problem for developing low-temperature
SCR catalysts is to improve their resistance to SO, present in the flue
gas after a desulfurizer. Many previously reported catalysts, such
as MnO,/Al, 03, CuO/AC and Fe;03/AC, show high activities for the
SCR reaction at 120-250°C, but they are prone to SO, deactivation
due to the formation of sulfate salts [4-6].

We had reported that activated carbon-supported vanadium
oxide (V,05/AC) catalysts exhibit high activities for the SCR reac-
tion in a low-temperature range (180-250°C). More importantly,
the V,05/AC catalysts are not poisoned but significantly promoted
by SO, [7,8]. Previous studies suggest that the promoting effect of
SO, on SCR activity of V,05/AC catalyst stems from the formation
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of certain sulfur-containing species on catalyst surface, and the sul-
fate species is linked to carbon surfaces [9,10]. Nevertheless, some
important aspects of SO, promotion effect remain unclear because
AC includes many oxygen-containing groups and mineral impuri-
ties. Oxygen-containing groups can improve the adsorption of NH;
on the V,05/AC catalysts, which is one of the key steps in the SCR
process, thus promote the catalytic activity [11]. Mineral materials
have an influence on the catalytic performance of the catalysts in
the presence of SO, [12]. Due to the “impure” surface of AC, we
are still lack of definitely basic knowledge on the nature of carbon
acting as a support during the SCR reaction in the presence of SO,.
Moreover, from a technical point of view, the reaction-released heat
(=1627.48 kJ/mol) [1] and the fluctuation of flue gas temperature
often lead to a burning of the AC support since the AC exhibits high
reactivities with oxygen. It is thus necessary to develop new carbon
catalysts more resistant to oxygen.

Itis well-known that the unique one-dimensional tubular struc-
ture and accessible surface make carbon nanotubes (CNTs) an
intriguing candidate for wide applications in catalysis [13-15].
CNTs have more stable structures and are more resistant to burning,
thus expectedly exhibit better properties in the SCR reaction. More-
over, CNTs have relatively uniform structures and clear surfaces,
which might be helpful for understanding the catalytic functions
of carbons. Then, for the CNT support, is the SCR activity still pro-
moted by SO, ? If yes, it is also important to clarify why the carbon
support, unlike TiO, support, is not deactivated by SO, at low tem-
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Table 1
BET surface area and pore structure analyses of CNTs.
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CNT BET SA (m?/g) Micropore area (m?/g) Tota pore volume (ml/g) Micropore volume (ml/g) Average pore diameter (A)
Original 171.68 - 1.17 - 27.28
Oxidized by nitric acid 220.84 5.19 0.74 0 12.96

peratures. How does SO, switch from a poison to a promoter at
carbon surfaces at low temperatures? More detailed and reliable
information is expected to be obtained over a pure carbon surface
using CNTs as support for SCR reaction.

In the present work, CNT-supported V,0s5 catalysts (V,05/CNT)
are studied for the low-temperature SCR of NO in the presence of
SO,, which is an important step toward understanding both SO,
effect on the carbon-based catalyst and the role of carbon as a
support in other catalytic systems.

2. Experimental
2.1. Pretreatment of CNT and preparation of catalyst

The raw CNT samples (home-made) were refluxed and oxi-
dized with concentrated HNO3 under stirring for 10h to remove
the metal species pre-existed, and so as to eliminate their possi-
ble interferences on catalytic test. After the treatment, the CNTs
were separated by filtration, washed fully with deionized water and
ethanol, and dried at 110°C in air for 12 h. Such a treatment also
introduces carboxyl and hydroxyl groups onto the CNT surfaces,
which are helpful for anchoring and dispersing uniformly vana-
dium oxide species on the CNT surfaces. Physical characteristics of
the CNTs are presented in Table 1.

The V,05/CNT catalysts were prepared by pore volume impreg-
nation of the pre-treated CNTs with an aqueous solution of
ammonium metavanadate in oxalic acid, followed by drying at
60°C overnight and then at 110 °C for 5 h. Afterwards, the catalysts
were calcined in argon stream at 500 °C for 5 h, and pre-oxidized in
air at 250°C for 5h. A V,05/TiO, catalyst is used for comparison
with the V,05/CNT catalysts, which was prepared by pore vol-
ume impregnation of TiO, (ISK, Japan) (particle size, 60-90 mesh)
with an aqueous solution of ammonium metavanadate in oxalic
acid, followed by the same drying-treated process as the V,05/CNT
catalysts.

2.2. Activity tests

The SCR activity tests were carried out in a fixed-bed glass reac-
tor (6 mm in inner diameter and 510 mm in length). NO in Ar, SO,
in Ar (when used), pure O, and pure Ar were used to mimic the
flue gas, and NH3 in Ar was used as reductive gas. All the gases
were controlled by mass flow controllers and, before entering the
reactor, were pre-mixed in a chamber filled with glass wool. For
experiments involving SO,, NH3 in Ar was allowed to bypass the
mixing chamber and directly fed into the reactor to avoid possi-
ble SO,-NHj5 reaction in front of the catalyst bed. Concentration of
NO, NO,, SO, and O, at the inlet and the outlet of the reactor were
simultaneously monitored by an online combustion gas analyzer
equipped with NO, NO,, SO, and O, sensors.

2.3. TPD of NHs

Temperature-programmed desorption (TPD) experiments were
performed in a fixed-bed reactor to determine the effect of
adsorbed SO, on NHj adsorption. 1wt% V,05/CNT catalyst was
employed in the reactor and was pre-treated in Ar stream
(50 ml/min) at 500 °C for 1h, and then cooled to 30°C in the same
stream. The pre-treated sample was then exposed to a gas mixture

containing 2000 ppm NHj3 in Ar ata flow rate of 100 ml/min. After an
adsorption equilibrium reached (about 1 h), the sample was purged
with Ar of 50 ml/min for 1 h to remove the physically adsorbed NHs.
Finally, TPD experiment was carried out in Ar of 50 ml/min from 30
to 800 °C at a heating rate of 10 °C/min. During the TPD, exiting NH3
was continuously analyzed online by combined thermogravimetric
analysis (Setaram, TGA92)/mass spectrometer (Balzers, Omnistar
200) (TG-MS). To understand the effect of sulfate species loaded on
the V,05/CNT catalysts on the NH3 adsorption, the sample was pre-
sulfated before the NH3 adsorption process (following the 500°C
pretreatment of the sample). The presulfation was performed in a
gas mixture containing 1000 ppm SO, +5vol% O, in Ar at a flow
rate of 100 ml/min and a temperature of 30°C for 2 h, followed by
Ar purge of 1h to remove physically adsorbed SO,. For compari-
son, the 1 wt% V,05/TiO, catalyst was characterized by the same
TPD experiments.

2.4. Reactivity and decomposition of NH4HSO4 deposited on
catalyst surface

Temperature-programmed decomposition (TPDC) of NH4HSO4
deposited on the catalysts was carried out in a fixed-bed quartz
reactor (6 mm in inner diameter and 480 mm in length). The reac-
tor, containing 0.2 g of NH4HSO,4-deposited catalyst, was heated
from 30 to 650 °C at a rate of 10 °C/min. Exiting SO, was monitored
during the process for diagnosing the NH4HSO4 decomposition.

The 1wt% V,05/CNT catalyst was selected to investigate the
reactivity of NH4HSO4, which may be formed on the catalyst sur-
face at the reaction temperature. NH4HSO,4 was pre-deposited by
pore volume impregnation of the catalysts with NH4HSO4 aque-
ous solution, followed by overnight drying at 110°C. An amount of
0.2 g NH4HSO4-deposited catalyst was exposed to a mixture stream
containing about 1000 ppm NO, 5 vol% O, in Ar, at a total flow rate
of 100 ml/min and with programmed heating from 30 to 480°C
at heating rate of 10°C/min. During the reaction, exiting NO and
SO, were continuously analyzed using the flue gas analyzer, and
the amount of NO removed was used to estimate the reactivity of
ammonium ions in NH4HSO4. For comparison, the 1 wt% V,05/TiO,
catalyst was performed in the same experimental process.

2.5. XPS analyses

X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the nature of the vanadium-, sulfur- and nitrogen-containing
species adsorbed on the catalyst surface. XPS spectra were
measured with a Perkin-Elmer PHI-5300 X-ray photoelectron
spectrometer, using MgKa as the radiation source. The 0.1 wt%
V,05/CNT catalyst was subjected to a SCR reaction at 250°C in the
presence or absence of SO, for 10 h. After that, the catalyst sample
was in situ purged at 250°C in Ar for 1 h to remove the physically
adsorbed SO,, cooled in Ar to room temperature, and then keptin a
sealed vessel. The 5 wt% V,05/CNT catalyst and the reacted catalyst
were crushed and pressed into a sample holder on a double-sided
glue tape, respectively. The preparation chamber was degassed at
ca. 1 x 1078 Torr and maintained at 6 x 10~° Torr for sample anal-
ysis. The charging effect of the sample was calibrated by the C (1s)
line at 284.6eV.
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Fig. 1. TEM image (a), EDS analysis focused on the catalyst surface (b), and V 2p and O 1s XPS spectra (c and d) of the 5 wt% V,05/CNT catalyst.

2.6. EDS elemental analysis

Energy dispersive X-ray spectroscopy (EDS) analysis was per-
formed on the transmission electron microscopy (TEM, JEOL
JEM-2010) equipped with energy dispersive X-ray spectrometer
analyzer, using an accelerating voltage of 200kV. During the EDS
analysis, TEM image of the sample (5wt% V,05/CNTs) was first
obtained. On the basis of the TEM, many areas on the catalyst sur-
face were selected for elemental composition analysis by EDS.

3. Results and discussion
3.1. V,05/CNT catalysts

Fig. 1a shows the TEM image of 5wt% V,05/CNT catalyst. It
is clear that there are no vanadium species on the surface of
CNTs. However, EDS for the 5wt% V,05/CNTs catalyst exhibits the
presence of vanadium species (Fig. 1b), indicating that the vana-
dium species should be molecularly modified on the surface of
CNTs. XPS analysis provides further information on the structure
of vanadium-containing species, the results (Fig. 1c and d) clearly
display that the vanadium-containing species are V,05 [16,17].

3.2. Promoting effect of SO5 on SCR activity over V,05/CNT
catalysts

Fig. 2 shows that the SO, promotion behavior on the V,05/CNT
catalysts is dependent on the reaction temperature. In the case

of 0.1 wt% V,05/CNT catalyst, the catalytic activity increases con-
stantly with increasing reaction temperatures when SO, is absent.
Note that under this condition, the catalytic activity changes
indistinctively between 200 and 220°C. After SO, introduction,
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Fig. 2. Effect of SO, on the activity of 0.1 wt% V,05/CNT catalyst at temperatures of
200-250°C. Reaction conditions: 450 ppm NO, 500 ppm NH3, 5.0 vol% O, 400 ppm
SO, (when used), balance Ar, and WHSV of 30,000 h-1.
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Fig. 3. Effect of SO, on the activities of V,05/CNT catalysts with V,05 loadings of 0-5 wt%. Reaction conditions: 450 ppm NO, 500 ppm NH3, 5.0 vol% O, 400 ppm SO, (when

used), balance Ar, WHSV of 30,000 h-1, and reaction temperature of 250°C.

however, the SO, promotion behavior is largely different at differ-
ent temperatures although the catalytic activity still enhances with
increasing reaction temperatures. At 200°C, the catalyst is some-
what deactivated when SO, is introduced (see that the catalytic
activity of 0.1 wt% V,05/CNT catalyst is lower in the presence of
SO, than that in the absence of SO, ), while the catalytic activities
are greatly promoted at 220°C, and most significantly enhanced
at 250°C. These results indicate that the temperature can control-
lably switch the SO, from a poison to a promoter for the V,05/CNT
catalysts. At higher temperatures, SO, plays a promoting role, but
at lower temperatures, it acts as a poison. These observations are
likely associated with the abilities of adsorbed ammonium sulfate
species to react with NO at different temperatures, as we previously
observed for the V,05/AC catalysts [9].

Effect of SO, on the CNT-supported V,0s5 catalysts with vary-
ing vanadium loading was determined at 250°C (Fig. 3). It is clear
that the catalytic activity shows no visible change with or without
SO, in reaction stream for CNTs alone. But interestingly, it exhibits
significant increase in the presence of SO, for the V,05/CNT cata-
lysts with V505 loading of 0.1-1 wt% although the increase becomes
weaker with the enhancing of V,05 loading. These results indicate
that SO, plays a magnified promoting role at lower V,05 loadings,
while the promoting effect exhibits weaker at higher V,05 loadings.
The dependence of SO, promotion effect on V,05 loading suggests
that the effect is associated with the vanadium species. However, it
has been proved that the sulfate species formed on the TiO, surface
can also lead to a similar promoting effect of SO, on the SCR activ-
ity of the V,05/TiO; [2] and TiO5 [3]. Thus, combined with the fact
that SO, shows no promotion function on the activity of CNTs alone,
one can deduce that the SO, promotion effect on the activities of
V,05/CNT catalysts should be a synergistic cooperation between
carbon nanotubes and vanadium species.

3.3. Mechanism of the promoting effect of SO,

To understand the mechanism of the promoting role of SO, on
the V,05/CNT catalyst, SO, transient response experiments con-
sisting of six consecutive parts (Fig. 4) were carried out at 250°C
using the 0.1 wt% V,05/CNT catalyst. In the experiments, the outlet
NO and SO, concentrations were all monitored. In part I without
SO,, the NO conversion is about 51%. It increases to a steady-state

value of 92% after the introduction of SO, in part II, concomi-
tantly, SO, concentration increases following the same pattern.
Then, removing SO, from the feed, there is no decline in the NO con-
version (as shown in part III). Afterwards, the catalyst was heated
in Ar at 350°C for 1.5h (part IV) followed by cooling the reactor
to the original temperature of 250°C. Then, the reaction gas was
refed under the conditions similar to part I, the NO conversion
reduces back to a steady-state value of 55% (part V), which is much
lower than that in part Il and is just slightly higher than that in
part I. When SO, was re-introduced in the feed, the NO conver-
sion increases again as expected, and finally reaches a steady value
the same as that in part Il. This observation suggests that the pro-
moting effect of SO, on the V,05/CNT catalyst is relevant to some
sulfur-containing species formed and deposited on the catalyst sur-
face, but not to the gas phase SO,. Such a conclusion is well agreed
with our previous observation on the basis of V,05/AC catalysts at
low temperatures [8,9], and also with the results of Chen and Yang
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Fig. 4. SO, transient response experiments on the 0.1 wt% V,05/CNT catalyst at
250°C. Reaction conditions: 450 ppm NO, 500 ppm NHs, 5.0 vol% O, 400 ppm SO,
(when used), and WHSV of 30,000 h-'. (I) NO-NH3-0; reaction; (II) adding SO,
into feed gas; (III) removal of SO, from feed gas; (IV) treating the catalyst at 350°C
(100 ml/min) for 1.5h and cooling to 250°C; (V) and (VI) the same as (I) and (II),
respectively.
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Fig. 5. S 2p and O 1s XPS spectra of the 0.1 wt% V,05/CNT catalyst after SCR reaction in the presence of SO,.

obtained on the V,05/TiO, and TiO; catalysts at high temperatures
(>350°C) [2,3].

3.3.1. Effect of adsorbed SO, on the adsorption state of NHs

The formation of SO42~ species on the catalyst surface through
SO, adsorption and oxidation can generally act as new acidic sites,
thus improving NH3 adsorption and promoting the SCR activ-
ity of catalysts [2,3,8,9]. Therefore, further investigations were
performed to examine the structure of sulfur-containing species
possibly formed on the V,05/CNT catalysts after reaction. The
0.1wt% V,05/CNT catalyst after SCR reaction in the presence of

SO, was measured by XPS measurements (Fig. 5). Signals of V
2p of the sample are very weak (not shown), possibly due to the
low vanadium content in the catalysts. S 2p and O 1s spectra are
shown in Fig. 5a and b, respectively. The S 2p spectrum of the sam-
ple exhibits a peak with a binding energy of 170.7 eV, which is
attributed to S8 species such as sulfate in Al,(SO4)3, CaSO4 and
H,S04 [18-20]. The O 1s spectrum shows a main peak at 534.2 eV,
wide and with a half-height width above 3.8 eV, indicating that
there is complicated circumstance related to oxygen. Generally,
three oxygen-containing species exist on the V,05/CNT catalyst,
viz. metal oxides (V,05), carbon-oxygen functional groups, and
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Fig. 6. TG curves (a) and NH3-TPD profiles (b) of 1 wt% V,05/CNT catalyst: (1) NHs; desorption on catalyst pre-treated by SO, + 05, (2) NH; desorption on fresh catalyst. The
inset shows SO,-TPD profiles. (c) N 1s XPS spectra of the 0.1 wt% V,05/CNT catalyst after SCR reaction in the presence or absence of SO,.
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sulfur-oxygen species. The binding energy of O 1s in V505 is in
the range of 529.8-530.9eV [21,22], and that for carbon-oxygen
is above 534.0eV [23-25]. The main peak of the present sample
locates at about 534.2 eV, attributed to sulfate oxygen [19,20,26].
Therefore, the XPS results show that the sulfur-containing species
on the V,05/CNT catalysts is SO42~.

It is recognized that the SCR reaction proceeds between
adsorbed ammonia and gas phase or weakly adsorbed NO [1,27],
and we also confirmed this opinion in previous studies on the
V,05/AC catalysts [9]. Similarly, to observe the effect of SO42~
species formed on the catalyst surface on the adsorbed state of
NHs, TPD measurements were carried out on the non-sulfated and
sulfated samples which pre-adsorbed with NH3 at 30°C. The nor-
malized TPD profiles (MS signals) of NH3 adsorbed on the 1 wt%
V,05/CNT catalyst before and after SO, adsorption are shown in
Fig. 6b. It is clear that NH3 desorption on the fresh 1 wt% V,05/CNT
catalyst shows two strong peaks centered at about 115 and 150°C
(LT) and a very weak peak centered at about 340 °C (HT), suggest-
ing that there are at least two distinct NH3 species on the catalyst
surface. These species might be associated with the ammonium
ions adsorbed on Brgnsted acid V>*-OH sites and the molecularly
adsorbed ammonia through a Lewis-type interaction on coordi-
natively unsaturated cations, respectively, well identified by IR
spectroscopy for other vanadia-based catalysts [28-32]. Since the
Lewis-type NH3 species is more thermally stable than the Brgnsted-
type ammonium ions [32], it can be deduced that the LT peaks are
associated with NH4* relating to the Brgnsted acid sites, while the
HT peak is attributed to molecular NH3 corresponding to Lewis
acid sites. The LT peaks are much larger than the HT peak, indi-
cating that the main form of NH3 adsorbed on fresh V,05/CNT
catalyst is NH4*. More importantly, the NH3 desorption profiles
of pre-sulfated V,05/CNT catalyst (line 1) changes significantly in
comparison with the curves of fresh catalyst (line 2). All the LT
and HT peaks of NH3 desorption increase highly, suggesting that
the sulfate species on the pre-sulfated V,05/CNT catalyst provide
more acid sites (including Brensted and Lewis acid sites) in favor
of increasing the surface NH3 species.

Thermogravimetric (TG) curves (Fig. 6a) corresponding to the
MS curves in Fig. 6b provide quantitative information of the
above conclusions. Weight loss of the pre-sulfated V,05/CNT cat-
alyst below 300°C is about 1.4%, much higher than that (about
0.8%) of the fresh V,05/CNT, suggesting that there are more
NH3 adsorbed on the pre-sulfated V,05/CNT catalyst. Another
significant weight loss of the pre-sulfated V,05/CNT catalyst in
300-400°C is attributed to the large amount of SO, released (con-

firmed by SO, desorption curve shown in inset of Fig. 6b). These
results clearly indicate that the presence of surface sulfate species
significantly increases the amount of NH3 adsorption, which is the
benefit to enhancing the SCR activity of the V,05/CNT catalyst. TG
(Fig. 7a) and MS (Fig. 7b) curves of V,05/TiO; catalyst exhibit the
NH3 desorption behavior similar to that of the V,05/CNT catalyst,
except that the HT peak of NH3 desorption centered at about 280 °C
is greatly enhanced on the pre-sulfated catalyst (line 1 in Fig. 7b).
The results suggest that on the V,05/TiO, catalyst, surface sulfate
species formed on catalyst surfaces also improve the adsorption of
NHj3 significantly.

To further obtain the nature of the adsorbed NH3 on catalyst
surface, the reacted 0.1 wt% V,05/CNT catalyst in the presence and
absence of SO, were measured for XPS spectra (Fig. 6¢). The N 1s
spectra of both samples exhibit a main peak at 402.5eV with a
shoulder peaked at 400.1 eV. Since the binding energy of N 1s in
NHj is in the range of 398.6-399.6 eV [33,34], while which in NH4*
of NH4NOs is about 402.3 eV [35], the XPS results suggest that the
nitrogen-containing species adsorbed on the V,05/CNT catalysts
are mainly NH4* whether SO, is present or not in the reaction gas,
only a small amount of molecularly ammonia adsorbed on catalyst
surface. This is in agreement with the above NH3;-TPD conclusion.
Moreover, the results provide further information that there are
ammonium sulfate salts formed over the catalyst surface after SCR
reaction in the presence of SO, [10].

3.3.2. Behavior of NH4HSO4 on carbon surfaces

The above results show that the sulfur species formed on cat-
alysts can promote the adsorption of NH3, forming ammonium
sulfate salts, thus improving the SCR activity. A concomitant ques-
tion is how to avoid the accumulation of ammonium sulfate salts,
otherwise the deposited salts can block and deactivate the catalyst.
There are two ways to avoid ammonium sulfate salts accumulation.
One is to decompose the salts continuously, and the other is to con-
sume the salts through reaction with other reactants. Since the fact
is that SO, can promote the SCR activity of V,05/CNT catalyst to a
steady state, it means that the formed ammonium sulfate salts can
be expended in a continuous way. Then, what is it?

TPDC investigations were first performed on the pure NH4HSO4
(a kind of ammonium sulfate species generally formed during
SCR reaction) pre-deposited CNTs, V505, 1wt% V,05/CNT and
1 wt% V,05/TiO; (for comparison) catalysts in order to explore the
decomposition behaviors of the ammonium sulfate salts (Fig. 8).
It is clear that the decomposition of pure NH4HSO,4 starts at about
390°Candreaches the highest rate at about 500 °C. When NH4HSO,4
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Fig. 8. TPDC profiles of NH4HSO4 deposited on various catalysts. Conditions:
100 ml/min Ar, heating rate of 10°C/min, and 0.2g catalysts with 0.086 mmol
NH4HSOj4.

is supported on V,0s5 its decomposition temperature increases to
420°C with a peak at 540°C. NH4HSO,4 decomposition on 1wt%
V,05/TiO; catalyst starts at about 420°C, and the peak tempera-
ture is at about 520 °C. In contrast, the decomposition temperature
greatly decreases when NH4HSOy is supported on CNTs, on which
the SO, starts to evolve at about 170 °C with a peak at 300 °C. On the
1 wt% V,05/CNT catalyst, the decomposition temperature is either
low, with a peak temperature of 340 °C, which is only a little higher
than that on the CNTs. These results indicate that the decomposi-
tion of NH4HSO4 is promoted by CNTs but inhibited by V,0s5. Such
a phenomenon is similar to our previous report on V,05/AC cat-
alysts after a SCR reaction in the presence of SO, [10], and has
also been well established by Knoblauch et al. over activated cokes
[36]. Since carbon materials can act as a reducing agent to reduce
NH4HSO4 into SO, [10,36], the promoting effect of CNTs should
also originate from their reducibility to NH4HSO4 at low tempera-
tures. Moreover, the decomposition of NH4HSO,4 on the V,05/CNTs
catalyst is much easier than that on the V,05/TiO, catalyst. It can
explain the different behaviors of the two catalysts in SCR reaction
in the presence of SO,. However, more importantly, the NH4HSO4
pre-adsorbed on the V,05/CNT catalysts is not decomposed at the
reaction temperature (250 °C), indicating that the decomposition of
ammonium sulfate salts is not the real reason for the SCR behavior
of the catalysts in the presence of SO, at low temperatures.
Another possible way is to consume the ammonium sulfate salts
through reacting with the NO in the flue gas. What about it? Fig. 9
shows the temperature-programmed surface reaction (TPSR) of NO
and NH4SO4 pre-deposited on the 1 wt% V,05/CNT catalyst and the
1wt% V,05/TiO, catalyst, in which the change of NO concentra-
tion is used to express the reaction process and the reactivity of
NH4HSO4. Clearly, the reaction of NO and NH4HSO4 starts slowly
at about 100°C, and dominantly at about 160 °C, then the reaction
gets faster with increasing temperature for the V,05/CNT catalyst.
NO concentration becomes zero when the temperature increases
at about 260 °C, indicating that the NO in the feed is fully reacted
by the ammonium ions. Above 350°C, NO concentration gradu-
ally increases with increasing temperature due to an insufficient
amount of ammonium ions left on the catalyst surface. As for the
quick decrease of NO concentration at temperatures above 420 °C, it
may originate from the reaction of NO with CO (or carbon), which is
based on an observation that the concentration of O, and CO quickly
decrease and increase at temperature above 400 °C, respectively
(not shown). This result clearly indicates that the ammonium sul-
fate salts on the V,05/CNT catalyst surface can react with NO at low
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Fig. 9. TPSR profiles of NO reacting with NH4HSO4 deposited on 1wt% V,05/CNT
and 1 wt% V,05/TiO; catalysts. Reaction conditions: 1000 ppm NO +5.0 vol% O; in Ar
at 100 ml/min, heating rate of 10°C/min, and 0.2 g samples containing 0.085 mmol
NH4HSO,.

temperatures. For comparison, the reaction of NO and NH4HSO4 on
1wt% V,05/TiO, catalyst needs higher temperatures (fast react-
ing >310°C), clearly indicating that the NH4HSO,4 reacts with NO
more easily on the V,05/CNTs surface than on the V,05/TiO, sur-
face. It explains well the fact that the V,05/TiO, catalyst must be
operated at temperatures above 330°C to avoid catalyst deactiva-
tion caused by the deposition of ammonium sulfate salts, while the
V,05/CNTs catalyst is stable at 200-250°C, but is deactivated by
SO, at temperatures below 200 °C.

Therefore, it is believed that during the SCR reaction on the
V,05/CNTs surface in the presence of SO, at 220-250 °C, the formed
sulfate species stays on the V,05/CNT catalyst surface and acts as
new acid sites for NH3z adsorption and activation. Meanwhile, the
ammonium ion reacts continuously with NO to avoid the formation
and accumulation of excess ammonium sulfate salts on the catalyst
surface, thus prohibiting the deactivation of the catalysts. This pro-
cess effectively ensures that the V,05/CNTs will be promoted but
not poisoned by SO,. The results are in agreement with our pre-
vious report on V,05/AC catalysts [9]. For the V,05/TiO, catalyst,
however, the ammonium sulfate salts formed on the surface are
not decomposed or react with NO at low temperatures (<350°C),
so are poisoned by SO,.

3.4. Longevity of the V,05/CNT catalyst in the presence of SO,

Studies on the stability of the V,05/CNT catalysts are very
important from the theoretical and technical point of view. Fig. 10
shows the longevity of the 0.1 wt% V,05/CNT catalyst in the pres-
ence of SO,. It is clear that under the SO,-containing conditions,
the catalyst shows a high catalytic activity with a NO conversion
maintaining at ca. 92% during a 100 h continuous running duration.
More importantly, the catalyst deactivation was not observed in the
entire operation time. This result indicates that the catalysts have
a fairly well stability and SCR activity in the presence of SO, pre-
dicting an attractive prospect of the V,05/CNT catalyst for practical
applications.

4. Conclusions

Based on the above fact that SO, can be switched from a poison
to a promoter on SCR activity for the V,05/CNT catalyst at low tem-
peratures, deep investigations on the mechanism of the SO, effect
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Fig. 10. A test of the stability of 0.1 wt% V,05/CNT catalyst for the SCR reaction in
the presence of SO, Reaction conditions: 450 ppm NO, 500 ppm NHjs, 5.0 vol% O,
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and the nature of carbon-based catalysts in the presence of SO, are
studied in this work, and several major conclusions can be drawn
as follows:

(1) The promoting effect of SO, on SCR activity of the V,05/CNT cat-
alyst depends both on the reaction temperature and the V,05
loading. The reaction temperature acts as a switch that can turn
on and off the poisoning reactions. SO, does not poison the
catalysts but significantly promotes their activities when V,05
loading is lower than 1 wt%.

(2) The promoting effect of SO, on the SCR activity of the V,05/CNT
catalyst is due to the formation of sulfate species on the cat-
alyst surface, and the ammonium ions exist on the catalysts
surface mainly as NH4* adsorption state, hence promote the
SCR activity of the catalyst.

(3) The decomposition of NH4HSO, is significantly promoted by
the CNTs but slightly inhibited by V,0s, thus the decomposition
of NH4HSO, is easier on the V,05/CNTs catalyst than on the
V,05/TiO, catalyst.

(4) NH4HSO4 on the V,05/CNT catalyst surface can react with NO
continuously to avoid the formation and accumulation of excess
ammonium sulfate salts on catalyst surface at low tempera-
tures (<250°C), which effectively leads the V,05/CNT catalyst

to being promoted but not poisoned by SO, For the V,05/TiO,
catalysts, however, the formed ammonium sulfate salts on the
catalyst cannot react with NO at low temperature (<330°C), so
are poisoned by SO,.

Acknowledgement

This work is supported by Nature Science Foundation of China
under grant Nos. 20673135 and 20473109.

References

[1] H. Bosch, F. Janssen, Catal. Today 2 (1988) 369.
[2] J.P. Chen, RT. Yang, J. Catal. 125 (1990) 411.
[3] J.P. Chen, RT. Yang, J. Catal. 139 (1993) 277.
[4] L. Singoredjo, R. Korver, F. Kapteijn, ]. Moulijn, Appl. Catal. B 1 (1992) 297.
[5] Z.P. Zhu, Z.Y. Liuy, S.J. Liu, H.X. Niu, T.D. Hu, T. Liu, Y.N. Xie, Appl. Catal. B 26
(2000) 25.
[6] T.Grzybek, H. Papp, Appl. Catal. B1(1992) 271.
[7] Z.P. Zhu, Z.Y. Liu, SJ. Liu, H.X. Niu, Appl. Catal. B 23 (1999) 229.
[8] Z.P.Zhu, Z.Y. Liu, H.X. Niu, SJ. Liu, J. Catal. 187 (1999) 245.
[9] Z.P.Zhu, Z.Y. Liu, H.X. Niu, SJ. Liu, T.D. Hu, T. Liu, Y.N. Xie, J. Catal. 197 (2001) 6.
[10] Z.Zhu, H. Niu, Z. Liu, S. Liu, J. Catal. 195 (2000) 268.
[11] B.J. Ku, J.K. Lee, D. Park, H.K. Rhee, Ind. Eng. Chem. Res. 33 (1994) 2868.
[12] Z.P. Zhu, ZY. Liu, S.J. Liu, H.X. Niu, Appl. Catal. B 30 (2001) 267.
[13] G. Che, B.B. Lakshmi, E.R. Fisher, C.R. Martin, Nature 393 (1998) 346.
[14] G. Mestl, N.I. Maksimova, N. Keller, V.V. Roddatis, R. Schlégl, Angew. Chem. Int.
Ed. 40 (2001) 2066.
[15] J.M. Planeix, N. Coustel, B. Coq, V. Brotons, P.S. Kumbhar, R. Dutartre, P. Geneste,
P. Bernier, P.M. Ajayan, ]. Am. Chem. Soc. 116 (1994) 7935.
[16] G.Silversmit, D. Depla, H. Poelman, G.B. Marin, R. De Gryse, ]. Electron Spectrosc.
Relat. Phenom. 135 (2004) 167.
[17] ]J. Ma, Z. Liu, Q. Liu, S. Guo, Z. Huang, Y. Xiao, Fuel Process. Technol. 89 (2008)
242.
[18] K. Arata, M. Hino, Appl. Catal. 59 (1990) 197.
[19] R.V. Siriwardane, .M. Cook, J. Colloid Interf. Sci. 114 (1986) 525.
[20] A.G. Wren, R.W. Phillips, L.U. Tolentino, J. Colloid Interf. Sci. 70 (1979) 544.
[21] G.A.Sawatzky, D. Post, Phys. Rev. B 20 (1979) 1546.
[22] G.Bliznakov, Y. Pesheva, D. Klissurski, M. Marinov, V. Kozhukharov, Appl. Catal.
29(1987) 211.
[23] W. Wurth, C. Schneider, R. Treichler, E. Umbach, D. Menzel, Phys. Rev. B 35
(1987) 7741.
[24] M.K. Rajumon, M.S. Hegde, C.N.R. Rao, Catal. Lett. 1 (1988) 351.
[25] G. Barth, R. Linder, C. Bryson, Surf. Interf. Anal. 11 (1988) 307.
[26] C.D. Wagner, D.A. Zatko, R.H. Raymond, Anal. Chem. 52 (1980) 1445.
[27] ]J.A. Dumesic, N.-Y. Topsee, H. Topsee, Y. Chen, T. Slabiak, ]. Catal. 163 (1996)
4009.
[28] N.Y. Topsoe, Science 265 (1994) 1217.
[29] B. Guido, L. Li, R. Gianguido, Appl. Catal. B 18 (1998) 1.
[30] G.Ramis, G. Busca, F. Bregani, P. Forzatti, Appl. Catal. 64 (1990) 259.
[31] N.Y. Topsoe, J. Catal. 128 (1991) 499.
[32] R.A. Rajadhyaksha, H. Knozinger, Appl. Catal. 51 (1989) 81.
[33] D.N. Hendrickson, .M. Hollander, W.L. Jolly, Inorg. Chem. 8 (1969) 2642.
[34] F.P.Larkins, A. Lubenfeld, J. Electron Spectrosc. Relat. Phenom. 15 (1979) 137.
[35] K. Burger, F. Tschismarov, H. Ebel, ]. Electron Spectrosc. Relat. Phenom. 10
(1977) 461.
[36] K. Knoblauch, E. Richter, H. Jiintgen, Fuel 60 (1981) 832.



	SO2-promoted reduction of NO with NH3 over vanadium molecularly anchored on the surface of carbon nanotubes
	Introduction
	Experimental
	Pretreatment of CNT and preparation of catalyst
	Activity tests
	TPD of NH3
	Reactivity and decomposition of NH4HSO4 deposited on catalyst surface
	XPS analyses
	EDS elemental analysis

	Results and discussion
	V2O5/CNT catalysts
	Promoting effect of SO2 on SCR activity over V2O5/CNT catalysts
	Mechanism of the promoting effect of SO2
	Effect of adsorbed SO2 on the adsorption state of NH3
	Behavior of NH4HSO4 on carbon surfaces

	Longevity of the V2O5/CNT catalyst in the presence of SO2

	Conclusions
	Acknowledgement
	References


