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ABSTRACT: The influence of sulfation treatment on Nb—VO,/CeO, and VO,/ 1004
CeO, catalysts for the selective catalytic reduction (SCR) of NO, with NH; was fully
investigated. The Nb—VO,/CeO, catalyst showed higher catalytic activity and
stronger resistance to SO, than VO,/CeO,. The formation of sulfates, small specific
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surface area, and reduction in the number of active sites were all responsible for the § 6o PR
low catalytic activity over VO,/CeO, after sulfation under SCR conditions. On the § {250°C VO, /CeO,
contrary, Nb—VO,/CeO, adsorbed much more nitrate than sulfate when sulfated & 40z~

under SCR conditions and showed much higher NH;-SCR activity than VO,/CeO, ;x 5

after the same treatment. After sulfation by SO, + O, only, instead of sulfation under Z 2z«

SCR conditions, both of the samples exhibited decreased NH;-SCR activity, mainly ok SO, off
due to the formation of sulfates and the blockage of the Langmuir—Hinshelwood 0L Tempetaid (& % . .
reaction pathway. 0 10 Z%ime (r?;) 0 %0

1. INTRODUCTION

Nitrogen oxides (NO and NO,), as major air pollutants, result
from industrial combustion of fossil fuels and automobile
exhaust gas." They contribute to a variety of environmentally
harmful effects, such as photochemical smog, acid rain, and
haze.” The selective catalytic reduction of NO, with NH,
(NH;-SCR) over V,0,—WO;(Mo0,)/TiO, is a well proven
technique for the removal of nitrogen oxides.”® However,
some disadvantages remain for the present vanadium-based
catalyst, such as a relatively narrow operating temperature
window of 300—400 °C and low N, selectivity at high
temperatures.” " Therefore, there has been strong interest in
developing novel vanadium catalysts with high activity and high
N, selectivity.

Typical coal- and diesel-fired exhausts usually contain varying
amounts of SO,. During long-term SCR operation, even a small
amount of SO, can deactivate the catalysts due to the formation
of metal sulfate species, the blockage of catalyst pore channels,
and/or the cutting off of the redox cycle of active phases."' ™"
For example, the chemical transformation of MnO to MnSO,
was found to be the main reason for the deactivation of the
SCR over MnO,.'* Ammonium bisulfate (NH,HSO,)
accumulated on the surface of V,0,/TiO, and interfered with
the SCR reaction.'® Therefore, it is important to investigate the
influence of sulfation on the structure and activity of catalysts,
which will be beneficial for understanding the deactivation
mechanism and further improvement of the SO, durability.

In our previous study, we demonstrated that VO,/CeO,
prepared by the homogeneous precipitation method possesses
higher NH;-SCR activity than that prepared by other
preparation methods and that the addition of Nb could
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significantly promote the SCR activity of the VO,/CeO,
catalyst, especially in the low temperature range.'®'” The
Nb—-VO,/CeO, catalyst presented more acid sites owing to the
addition of niobium oxide. The interaction of V, Ce, and Nb
resulted in better dispersion of vanadium species and stronger
redox capability at low temperatures. Both of these factors were
responsible for more favorable NH;-SCR performance over
Nb—-VO,/CeO,.

In this study, the influence of sulfation under SCR
atmosphere and sulfation by SO, + O, only on Nb—VO,/
CeO, and VO,/CeO, catalysts was studied in detail.
Brunauer—Emmett—Teller (BET) analysis, H, temperature-
programmed reduction (H,-TPR), X-ray photoelectron spec-
troscopy (XPS), and in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS) were used to
characterize the sulfated samples. After the treatment, a large
amount of sulfate species formed on Nb—VO,/CeO,—sulfation
by SO, + O, only, VO,/CeO,—sulfation by SO, + O, only, and
VO,/CeO,—sulfation under SCR conditions, leading to low
NH;-SCR catalytic activity. However, only a much smaller
amount of sulfate species was detected on Nb—VO,/CeO,—
sulfation under SCR conditions, and thus higher catalytic
activity was obtained.
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2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis and Activity Tests. The VO,/
CeO, (mass ratio of vanadium oxide 1 wt %) and Nb—VO,/
CeO, (mass ratio of NbO,, 30 wt %) catalysts were prepared by
a homogeneous precipitation method. The preparation
procedures have been described in detail in our previous
studies.'® In the present study, sulfated catalysts were obtained
by pretreating Nb—VO,/CeO, and VO,/CeO, in a flow of 500
ppm of NH; + 500 ppm of NO + 5 vol % O, + 100 ppm of SO,
(catalyst-sulfation under SCR conditions) or 100 ppm of SO, +
S vol % O, (catalyst-sulfation by SO, + O, only) at 250 °C for
48 h. The medium temperature 250 °C was selected due to
high activity and the literature references.'®"

Before NH;-SCR activity tests, the catalysts were pressed,
crushed, and sieved to 40—60 mesh. The SCR activity tests
were carried out in a fixed-bed quartz flow reactor at
atmospheric pressure. The reaction conditions were controlled
as follows: 500 ppm of NO, 500 ppm of NH;, 5 vol % O,, 100
ppm of SO, (when used), and N, as the balance. Under
ambient conditions, the total flow rate was 500 mL/min and
the gas hourly space velocity (GHSV) was 50000 h™'. The
amount of catalysts used in activity tests was 0.6 mL (about 0.7
g). The effluent gas, including NO, NH;, NO,, and N,O, was
continuously analyzed by an FTIR spectrometer (Nicole Nexus
670) equipped with a heated, low-volume multiple-path gas cell
(2 m). The FTIR spectra were collected after the SCR reaction
had reached a steady state, and the NO, conversion and N,
selectivity were calculated as follows:

. [No]out + [N02:|out
NO, conversion = |1 — X 100%
[NO], + [NO,],
(1)
N, selectivity
— [No]m + [NH3]in - [NOZ]out - Z[NZO]out
[NO]J,, + [NH,],
X 100% 2)

2.2, Characterization of the Catalysts. The surface area
and pore characteristics of the catalysts were obtained from N,
adsorption/desorption analysis at —196 °C using a Quantach-
rome Quadrasorb SI-MP. Prior to the N, physisorption, the
catalysts were degassed at 300 °C for S h. Surface area was
determined by the BET equation in the 0.05—0.35 partial
pressure range. Pore volume and average pore diameter were
determined by the Barrett—Joyner—Halenda (BJH) method
from the desorption branches of the isotherms.

The H,-TPR experiments were carried out on a Micro-
meritics Auto Chem 2920 chemisorption analyzer. The samples
(30 mg) were pretreated at 300 °C in a flow of 20 vol % O,/Ar
(50 mL/min) for 0.5 h in a quartz reactor and cooled down to
room temperature (30 °C) followed by Ar purging for 0.5 h. A
50 mL/min gas flow of 10% H, in Ar was then passed over the
samples through a cold trap to the detector. The reduction
temperature was raised from 30 to 1000 °C at 10 °C min".

X-ray photoelectron spectroscopy (XPS) spectra of the
catalysts were recorded on a scanning X-ray microprobe (Axis
Ultra, Kratos Analytical Ltd.) using Al Ko radiation (1486.7
eV). All the binding energies were calibrated using the C 1s
peak (BE = 284.8 eV) as standard.

2.3. In Situ DRIFTS Studies. In situ DRIFTS experiments
were performed on an FTIR spectrometer (Nicolet Nexus 670)
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equipped with a Smart Collector and an MCT/A detector
cooled by liquid nitrogen. The reaction temperature was
controlled precisely by an Omega programmable temperature
controller. Prior to each experiment, the sample was pretreated
at 300 °C for 0.5 h in a flow of 20 vol % O,/N, and then cooled
down to 175 °C. The background spectra were collected in
flowing N, and automatically subtracted from the sample
spectrum. The reaction conditions were controlled as follows:
300 mL/min total flow rate, 500 ppm of NH; and/or 500 ppm
of NO, 100 ppm of SO, (when used), 5 vol % O,, and N, as
the balance. All spectra were recorded by accumulating 100

scans with a resolution of 4 cm™.

3. RESULTS

3.1. Catalytic Activity. Figure 1 exhibits the effect of SO,
on the catalytic activity over Nb—VO,/CeO, and VO,/CeO,
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Figure 1. Effect of SO, on SCR activity over VO,/CeO, and Nb—
VO,/CeO, catalysts at 250 °C. Reaction conditions: [NO] = [NH;] =
500 ppm, [SO,] = 100 ppm (when used), [O,] = S vol %, N, as the
balance, total flow rate 500 mL/min, and GHSV = 50000 h™".

catalysts at 250 °C. When 100 ppm of SO, was introduced into
the inlet gas, the NO, conversion over VO,/CeO, decreased
from 100% to 24% in 48 h and could not recover to the initial
activity after the removal of SO,, which indicates that the
inhibiting effect of SO, on the SCR activity over the VO,/CeO,
catalyst was severe and irreversible. However, the SO, effect on
Nb—VO,/CeO, was quite different. The NO, conversion
decreased slightly, and nearly 90% NO, conversion could still
be obtained in the presence of 100 ppm of SO, for a 48 h test.
After the SO, was cut off, the activity over Nb—VO,/CeO,
could not be restored to the original level. Both of the catalysts
showed high N, selectivity. The NO, conversion in 300 ppm of
SO, [Figure S1, Supporting Information (SI)] decreased more
seriously than that in 100 ppm of SO,. However, the Nb—VO,/
CeO, catalyst still presented much stronger resistance to SO,
than VO,/CeO,.

The NH;-SCR activity over the fresh and sulfated Nb—VO,/
CeO, and VO, /CeO, catalysts is shown in Figure 2. Nb—VO,/
CeO, presented higher NO, conversion than VO,/CeO,,
especially in the temperature range of 150—250 °C. At 175 °C,
the NO,, conversion over Nb—VO,/CeQO, and VO,/CeO, was
95% and 60%, respectively. The addition of Nb to VO,/CeO,
enhanced the NH;-SCR activity. The NO, conversion over
Nb—VO,/CeO, was higher than that over Nb/CeO, (Figure
S2, SI). N, selectivity over these catalysts was above 90%, as
shown in Figure S3 (SI).
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Figure 2. NH;-SCR activity over the fresh and sulfated Nb—VO,/
Ce0, and VO,/CeO, catalysts. Reaction conditions: [NO] = [NH,] =
500 ppm, [O,] = S vol %, N, as the balance, total flow rate 500 mL
min~}, and GHSV = 50000 h™".

After sulfation under SCR atmosphere, the catalytic activity
over Nb—VO,/CeO, and VO,/CeO, catalysts decreased to
some extent, compared to that of the fresh catalysts. However,
the Nb—VO,/CeO, catalyst still exhibited much better catalytic
performance than the VO,/CeO, catalyst; 80% and 10% NO,
conversion was obtained at 225 °C over Nb—VO,/CeO,—
sulfation under SCR conditions and VO,/CeO,—sulfation
under SCR conditions, respectively. Nb—VO,/CeO,—sulfation
by SO, + O, only and VO,/CeO,—sulfation by SO, + O, only
both exhibited low SCR activity, similar to VO,/CeO,—
sulfation under SCR conditions. Among these four sulfation
samples, Nb—VO,/CeO,—sulfation under SCR conditions
showed the highest NH;-SCR activity; the reasons for this
will be discussed later.

3.2. Catalyst Characterization. The surface area and pore
characteristics of VO,/CeO, and Nb—VO,/CeO, catalysts
before and after SO, poisoning are shown in Table 1. The fresh

Table 1. N, Physisorption Results for VO,/CeO, and Nb—
VO,/CeO, Catalysts before and after SO, Poisoning

pore
specific surface  diameter  pore volume
catalysts area (m*/g) (nm) (cm®/g)
Nb—VO,/CeO, 168.2 3.5 0.15
Nb—VO,/CeO,—sulfation 135.3 7.1 0.24
under SCR conditions
Nb-VO,/CeO,—sulfation by 15.5 12.2 0.05
SO, + O, only
VO,/CeO, 131.3 35 0.12
VO,/CeO,—sulfation under 15.5 26.1 0.10
SCR conditions
VO,/CeO,—sulfation by SO, 182 15.4 0.07

+ O, only

Nb—VO,/CeO, catalyst presented a slightly larger specific
surface area and pore volume than VO,/CeO,. After sulfation
under SCR conditions, the specific surface area of the VO,/
CeO, catalyst decreased significantly, while the Nb-modified
catalyst did not change much. The specific surface area of Nb—
VO,/CeO,—sulfation under SCR conditions was 135.3 m’/g.
However, after sulfation by SO, + O, only, the structural
parameters over both of the catalysts changed remarkably. The
specific surface area of the VO,/CeO, sample decreased from
131.3 to 18.2 m?/g and the average pore diameter increased
from 3.5 to 15.4 nm after sulfation by SO, + O, only. In
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summary, Nb—VO,,/CeO,—sulfation by SO, + O, only, VO,/
CeO,—sulfation by SO, + O, only, and VO,/CeO,—sulfation
under SCR conditions all showed much smaller specific surface
area than the fresh catalysts, while only Nb—VO,/CeO,—
sulfation in SCR still exhibited a large specific surface area.
H,-TPR results over the fresh and sulfated Nb—VO,/CeO,
and VO,/CeO, samples are presented in Figure 3. A distinctive

Nb-VO /CeO,

VO /CeO,

Nb-VO /CeO-sulfation in SCR
J

VO,/CeO,-sulfation in SCR J l
Nb-VO /CeO -sulfation by SOM

VO /CeO,-sulfation by SO,+O, M\
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400 600 800
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Figure 3. H,-TPR results over the fresh and sulfated Nb—VO,/CeO,
and VO,/CeO, samples.

H, reduction peak at about 580 °C was observed over VO,/
CeO,—sulfation under SCR conditions, Nb—VO,/CeO,—
sulfation by SO, + O, only, and VO,/CeO,—sulfation by
SO, + O, only, which was assigned to the reduction of
sulfate.””*" This indicates that there was a substantial amount
of sulfate deposited on these three samples. However, the H,-
TPR profile over Nb—VO,/CeO,—sulfation under SCR
conditions was similar to that of fresh Nb—VO,/CeO,,
demonstrating that there was almost no sulfate formed on
the sample.

Figure 4 exhibits the XPS results of S 2p on Nb—VO,/CeO,
and VO,/CeO, samples after sulfation under SCR conditions

S2p Nb-VO /CeO,-sulfation in SCR

VO,/CeO,-sulfation in SCR

Nb-VO,/CeO -sulfation by SO, + O, onl

Intensity (a.u.)

VO,/CeO,-sulfation by SO, + O, only

168 164 160

Binding Energy (eV)

176 172
Figure 4. XPS results of S 2p on Nb—VO,/CeO, and VO,/CeO,

samples after sulfation under SCR conditions and sulfation by SO, +
O, only.

and sulfation by SO, + O, only. Two prominent peaks
attributed to S 2p were observed on VO,/CeO,—sulfation
under SCR conditions, Nb—VO,,/CeO,—sulfation by SO, + O,
only, and VO,/CeO,—sulfation by SO, + O, only, implying the
formation of sulfur-containing species on the catalyst surface.
The S 2p peaks were mainly centered at 168.7 and 169.8 eV
and could be assigned to SO,>~ and HSO,~, respectively.”*~**
However, a much smaller S 2p peak was detected on Nb—VO,/
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CeO,—sulfation under SCR conditions, indicating that the
amount of sulfate accumulated on this sample is insignificant,
which is in good accordance with the H,-TPR results.

Figure S4 (SI) showed NH;-TPD results of Nb—VO,/CeO,
and VO,/CeO, samples after sulfation under SCR conditions.
The adsorption amount of NH; over Nb—VO,/CeO,—
sulfation in SCR was much larger than that over VO,/
CeO,—sulfation in SCR, which may be related to the specific
surface area. NO-TPD results of Nb—VO,/CeO, and VO,/
CeO, samples after sulfation under SCR conditions were
presented in Figure S5 (SI). VO,/CeO,—sulfation in SCR
showed no NO adsorption, while Nb—VO,/CeQO,—sulfation in
SCR still showed a small adsorption amount of NO. The
adsorption of NO on VO,/CeO,—sulfation in SCR was
inhibited due to the formation of sulfate and the small specific
surface area.

3.3. In Situ DRIFTS. To demonstrate the difference
between Nb—VO,/CeO, and VO,/CeO, further, the in situ
DRIFTS technique was used. First, NO + NH; + O, were fully
adsorbed on the surface of Nb—VO,/CeO, and VO,/CeO, for
60 min at 250 °C. Then, the background spectra were collected
and automatically subtracted from the sample spectrum. Finally,
SO, was introduced into the SCR reaction system, and the
results are shown in Figure S. Several bands appeared, including

(A) Nb-V0 /CeO, 05 (B) VO,/Ce0, 05
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—3h
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' :
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Figure 5. DRIFT spectra of SO, adsorption on Nb—VO,/CeO, (A)
and VO,/CeO, (B) catalysts under the SCR conditions (500 ppm of
NH; + 500 ppm of NO + S vol % O,) at 250 °C.

those for ionic NH," on Bronsted acid sites (1432 cm™!)'®**

and sulfate species (1303, 1205, 1137, 1052, and 1000
em™).>"* Nitrate consumption bands at 1540 cm™''®*°
also appeared, indicating that the nitrate species was displaced
by the formation of sulfate on VO,/CeO,. In the sulfation
process, SO, could react with metal cations, consuming a
number of Lewis acid sites and could form Brensted acid sites
due to the formation of S—OH.>"** Therefore, the bands at
1432 cm™' were observed. It is evident that the amount of
sulfate species on VO,/CeO, was much larger than that on
Nb—VO,/Ce0O,, which was consistent with the XPS results of
Nb—VO,/CeO,—sulfation in SCR and VO,/CeQ,—sulfation in
SCR.

To investigate the competitive adsorption of SO, and NO,
on Nb—VO,/CeO, and VO,/CeO, catalysts, the DRIFT
spectra of NO + O, + SO, adsorption were measured and are
shown in Figure 6. After introducing SO, and NO,, several

7806

(B) VO,/CeO,

(A)Nb-vO /CeO,

Kubelka-Munk
Kubelka-Munk

T T T
1400 1200 1000
Wavenumber (cm")

T T
1200 1000
Wavenumber (cm")

1400 800 800

Figure 6. DRIFT spectra of 500 ppm of NO + 5 vol % O, + 100 ppm
of SO, adsorption on Nb—VO,/CeO, (A) and VO,/CeO, (B)
catalysts at 250 °C.

bands were detected on the samples. According to the
literature,'®>>7>° the bands at 1210, 1240, and 1137, 1380
cm™" were ascribed to nitrate and sulfate species, respectively.
Initially, sulfate and nitrate formed simultaneously on Nb—
VO,/CeO,. Their intensities increased with exposure time
within the first 2 h. Then the intensities of nitrate continued to
increase, while the sulfate species decreased with the increase of
reaction time. After 6 h of adsorption, the main species on Nb—
VO,/CeO, was nitrate. The amount of sulfate species on Nb—
VO,/CeO, was much smaller than that of nitrate species.
However, sulfate existed on the VO,/CeO, surface at all times,
and less nitrate formed on it than that on Nb—VO,/CeO,. In
the presence of NO, and SO,, the Nb—VO,/CeO, catalyst
mainly adsorbed NO,, and was covered with nitrate, while VO,/
CeO, coadsorbed nitrate and sulfate and formed less nitrate.

Figure S6 (SI) showed the NH;-SCR activity over Nb—VO,/
CeO, after sulfation for 48 h in the presence of NO and in the
presence of NH;. Both of these samples presented low activity,
similar to Nb—VO,,/CeO, sulfation by SO, + O, only. After a
long time of sulfation in the presence of NO, the catalysts could
be covered with sulfate due to its higher thermal stability than
nitrate.

The DRIFTS of SO, adsorption on Nb—VO,/CeO, and
VO,/CeO, are exhibited in Figure 7. After the introduction of
SO, + O,, several bands attributed to sulfate species were
observed. The amount of sulfate on Nb—VO,/CeO, was close
to that on VO,/CeO,, in accordance with the XPS results of
Nb—VO,/CeO,—sulfation by SO, + O, only and VO,/CeO,—
sulfation by SO, + O, only. From Figures 6A and 7A, during
the introduction of SO, + NO + O, and SO, + O,, the main
adsorption species were nitrate and sulfate on Nb—VO,/CeO,,
respectively. This indicates that SO, and NO adsorb
competitively on the same active sites on the surface of the
catalyst, because both SO, and NO are acidic gases, in
accordance with the published literature.** Over Nb—VO,/
CeO,, the adsorption ability of NO on active sites was much
higher than that of SO,. However, the deposited sulfate species
on VO,/CeO, would occupy part of the active sites needed for
NO adsorption as seen from Figures 6B and 7B.

The effect of sulfation by SO, + O, only on the NH;-SCR
reaction mechanism was also investigated. The DRIFT spectra
of NHj; adsorption on the fresh and sulfated Nb—VO,/CeO,

DOI: 10.1021/acs jpcc.6b12772
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Figure 7. DRIFT spectra of 100 ppm of SO, + 5 vol % O, adsorption
on Nb—VO,/CeO, (A) and VO,/CeO, (B) catalysts at 250 °C.

and VO,/CeO, catalysts at 175 °C are shown in Figure 8A.
After NH; adsorption and N, purging, these samples were

|0,005 (A) NH, adsorption

75
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Figure 8. DRIFTS of 500 ppm of NH; adsorption (A) and S00 ppm
of NO + 5 vol % O, adsorption (B) on fresh and sulfated Nb—VO,/
CeO, and VO,/CeO, catalysts at 175 °C.

covered with various NH; species. The bands at 1675 and 1432
cm™' were assigned to symmetric and asymmetric bending
vibrations of ionic NH," bound to the Bronsted acid sites, and
the bands at 1602 and 1196 cm™ were attributed to
asymmetric and symmetric bending vibrations of the N—H
bonds in NH; coordinated to Lewis acid sites.'®*”** The Nb—
VO,/CeO, catalyst exhibited more acid sites than VO,/CeO,,
including both Brensted acid sites and Lewis acid sites. After
sulfation by SO, + O, only, the amount of Lewis acid sites
decreased significantly due to the formation of sulfate and the
reduction of specific surface area. However, the formation of
sulfate species resulted in more Bronsted acid sites per square
meter on the catalyst. Therefore, Nb—VO,/CeO,—sulfation by
SO, + O, only still presented Brensted acid sites. The amount
of acid sites on Nb—VO,,/CeO,—sulfation by SO, + O, only
was still larger than that on VO,/CeO,—sulfation by SO, + O,
only, ie., the same as the fresh samples.

Figure 8B shows the DRIFTS results of NO + O, adsorption
on the fresh and sulfated Nb—VO,/CeO, and VO,/CeO,
catalysts at 175 °C. After NO + O, adsorption and N, purge,
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the fresh Nb—VO,/CeO, and VO,/CeO, sample surfaces were
covered with various nitrate species, including bidentate nitrate
(1570 and 1246 cm™) and bridging nitrate (1595 and 1217
cm™).>**” The adsorption amount of NO, on the fresh Nb—
VO,/CeO, catalyst was larger than that on the fresh VO,/
CeO,. After sulfation by SO, + O, only, Nb—VO,/CeO, and
VO,/CeO, both presented almost no nitrate species, due to the
accumulation of sulfate on the samples and the reduction of
specific surface area.

To investigate the reactivity of adsorbed NH; species in the
SCR reaction, in situ DRIFT spectra of the reaction between
NO + O, and preadsorbed NH; species on Nb—VO,/CeO,—
sulfation by SO, + O, only and VO,/CeO,—sulfation by SO, +
O, only were recorded as a function of time (Figure 9). After

(A) Nb-VO /CeO,-sulfation by SO,+O, onl| (B) VO /CeO,-sulfation by SO,+0O, only
0.002 .
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Figure 9. In situ DRIFT spectra of Nb—VO,/CeO,—sulfation by SO,
+ 0, (A) and VO,/CeO,—sulfation by SO, + O, (B) pretreated by
exposure to 500 ppm of NH; followed by exposure to S00 ppm of NO
+ S vol % O, at 175 °C.

NH; adsorption and N, purge, the sulfation sample surface was
covered with various NH; species. When NO + O, was
introduced to Nb—VO,/CeO,—sulfation by SO, + O, only, the
intensity of the bands attributed to NH; adsorption species
decreased gradually and disappeared after 10 min. Finally, only
one band at 1620 cm™!, which was ascribed to H20,40’41 was
observed, and no nitrate species formed on the surface of these
samples. The adsorbed NH; species, including ionic NH," and
coordinated NHj3, could both react with NO, to form N, and
H,0. A similar phenomenon happened on VO,/CeO,—
sulfation by SO, + O, only. The adsorbed NH; species on
the sulfation samples could participate in the NH;-SCR
reaction.

4. DISCUSSION

The Nb—VO,/CeO, catalyst exhibited higher NH;-SCR
activity than the VO,/CeO, catalyst. After sulfation under
SCR atmosphere, the NH;-SCR activity over the Nb—VO,/
CeO, catalyst only decreased slightly, while the VO,/CeO,
catalyst showed much lower catalytic activity. From H,-TPR
and XPS results, only a small amount of sulfate formed on the
Nb—-VO,/CeO,—sulfation under SCR conditions sample.
However, VO,/CeO,—sulfation under SCR conditions was
covered with a considerable amount of sulfate and then
presented a much smaller specific surface area than Nb—VO,/
CeO,—sulfation under SCR conditions, leading to a reduction
in the number of active sites. From the results of in situ
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DRIFTS of NH; adsorption (Figure 8) and NH;-TPD,'¢ the
amount of acid sites over Nb—VO,/CeO, was remarkably
larger than that over VO,/CeO,. The acidity of sulfate is
stronger than that of nitrate. Therefore, the adsorption ability
of NO on active sites was much higher than that of SO, on
Nb—VO,/CeO,, in accordance with the published literature."*
When introducing SO, + NO + O, simultaneously, Nb—VO,/
CeO, mainly adsorbed nitrate species, while VO,/CeO,
coadsorbed nitrate and sulfate. According to our published
literature,'® the adsorbed nitrate on Nb—VO,/CeQ, could
participate in the NH;-SCR reaction. The formation of sulfate,
small specific surface area, and reduction in the number of
active sites were responsible for the low catalytic activity over
VO,/CeQ, after sulfation under SCR conditions. Nb—VO,/
CeO, preferentially adsorbed nitrate when sulfated under SCR
conditions and thus still showed higher NH;-SCR activity than
the VO,/CeO, sample.

After sulfation by SO, + O, only, Nb—VO,/CeO, and VO,/
CeO, catalysts both exhibited low NH;-SCR activity. A large
amount of sulfate formed on the samples’ surfaces, leading to a
significant decrease in specific surface area. Therefore, the
adsorption of NO, was inhibited and the amount of acid sites
was reduced. In our previous study,'® the Langmuir—Hinshel-
wood mechanism existed for the NH;-SCR over Nb—VO,/
CeO, at low temperatures, in which the adsorbed NO, species
reacted with adsorbed NHj to finally form N, and H,O. The
sulfation treatment inhibited the formation of nitrate species, so
that the Langmuir—Hinshelwood reaction pathway was cut off.
The NH;-SCR reaction over the sulfated catalysts followed the
Eley—Rideal mechanism, in which gaseous NO reacted with
adsorbed NHj species to finally form N, and H,O. Therefore,
the low-temperature NH;-SCR activity over Nb—VO,/CeO,—
sulfation by SO, + O, only and VO,/CeO,—sulfation by SO, +
O, only was much lower than that over the fresh catalysts.

5. CONCLUSIONS

The addition of Nb could enhance the NH;-SCR activity and
SO, tolerance over VO,/CeO,. The Nb—VO,/CeO, catalyst
exhibited excellent NH;-SCR performance. After long-term
SCR operation in a SO,-containing atmosphere, the NO,
conversion over the VO,/CeO, sample decreased more
significantly than that over Nb—VO,/CeO,. According to the
BET, H,-TPR, XPS, and DRIFTs results, a large amount of
sulfate was deposited on VO,/CeO,—sulfation under SCR
conditions, resulting in a reduction in specific surface area and
the number of active sites. Therefore, low SCR activity was
obtained over VO,/CeQ, after sulfation in SCR. Nb—VO,/
CeO, adsorbed much more nitrate than sulfate when sulfated
under SCR conditions, and then Nb—VO,/CeO,—sulfation
under SCR conditions still showed much higher NH;-SCR
activity than VO, /CeO,—sulfation under SCR conditions. After
sulfation by SO, + O, only, Nb—VO,/CeO, and VO,/CeO,
catalysts both exhibited decreased NH;-SCR activity. The
sulfation process led to the formation of sulfate and the
reduction of specific surface area, so that the active nitrate
species could not form effectively. Therefore, the low-
temperature SCR activity over Nb—VO,/CeO,—sulfation by
SO, + O, only and VO, /CeO,—sulfation by SO, + O, only was
inhibited due to the blocking of the Langmuir—Hinshelwood
reaction pathway.
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